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In the first project of my study, we demonstrated the bifunctionality of APETALA1 
(AP1) in the regulation of cytokinin (CK) and its biological meaning. We detected 
remarkable expression of AP1 in leaves during vegetative stage, which was not 
reported before. In addition, we found that the early expression of AP1 functions to 
induce two CK biosynthesis genes encoding adenylate isopentenyltransferases, IPT1 
and IPT3. This could be responsible for the elevation of CK levels in leaves during 
the floral transition. Furthermore, the size of leaves in ap1-1 is smaller than in WT, 
which is consistent with the reduced CK level in ap1-1 during the vegetative stage. 
In the reproductive stage, AP1 represses IPT3 to redundantly prevent 
over-proliferation of floral meristems. Reduction of CK level by mutating IPT5 is 
able to rescue the formation of axillary flowers in ap1-1, suggesting that the axillary 
flowers were at least partially caused by the elevated level of CK in ap1-1 during the 
reproductive stage. 
AP1 functions as an activator of IPT1 and IPT3 during the vegetative stage and as a 
repressor of IPT3 during the reproductive stage. Such bifunctionality could be 
accomplished by forming different complexes with other cofactors. 
In the second project of my study, we investigated the function of CRABS CLAW 
(CRC) in determining auxin gradient in carpels and its role in regulating carpel 
development and floral meristem determinacy. CRC activates the auxin biosynthesis 
gene YUCCA4 (YUC4) to maintain the auxin biosynthesis at the apex and repress the 
vii 
 
potential auxin exporter TORNADO2 (TRN2) to prevent over-transport of auxin. 
Both these two pathways lead to the auxin accumulation at the apex and contribute to 
the appropriate auxin gradient formation in carpels. Furthermore, in crc-1 knu-1, due 
to the enhanced auxin transport mediated by ectopic expression of TRN2, the level of 
auxin is elevated in FM. This could be the reason for the enhanced FM indeterminacy. 
In sum, we dissected two independent pathways that work together to determine the 
auxin gradient in carpels, both regulated by CRC. We illustrated the link between 
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1.1 Shoot apical meristems (SAMs) and floral meristems (FMs) in 
Arabidopsis 
Since the arising of modern biological sciences over the nineteenth century, 
one of the most fascinating questions people have been trying to figure out is 
how the body developmental programs run under almost perfectly organized 
rules to produce the complicated organism from a single cell. Discovery of 
stem cells is a significant breakthrough which leads us to a new era in 
understanding the developmental process and at the same time leaves a large 
number of consequential questions, such as how stem cells develop into 
different kinds of cells, how the developmental timing is controlled and how 
the activities of stem cells are maintained. Compared with animals, plant stem 
cells have more striking longevity and regeneration capacity. In most animals 
a fixed number of organs are produced throughout their life time, whereas 
plants usually keep producing organs such as leaves and flowers till the end of 
their life, which is attributed to the successful maintenance of the stem cell 
activity. 
In plants, stem cells are maintained in a specialized microenvironment named 
stem cell niche, which is located in a group of undifferentiated cells known as 
meristems. In the model plant Arabidopsis, the shoot apical meristem (SAM) 
gives rise to all the aerial organs including stems, leaves and flowers. SAM 
can be divided into three functionally distinct domains: central zone (CZ), 
peripheral zone (PZ) and rib zone (RZ) (Carles and Fletcher, 2003) (Figure 1). 
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CZ, which localizes at the apex of the SAM, is a self-renewing stem cell pool 
serving as the source of cells for PZ and RZ. Stem cells in the two outermost 
layers (L1 and L2) divide anticlinally in a single plane to maintain the 
epidermis and subepidermis, whereas in the L3 layer they divide in all planes. 
Surrounding the CZ is the PZ. Cells in PZ are derived from CZ and divide in a 
higher rate. PZ contributes to the growth of lateral organs such as leaves and 
flowers. Underneath the CZ is the RZ, which is responsible for the elongation 
of stems. In addition, beneath the first three cell layers there is a small number 
of cells forming an organizing center (OC), which functions to maintain the 
stem cell pool. The stem cell activity in the CZ is maintained throughout the 
whole life-span of Arabidopsis, which is called indeterminate. In contrast, the 
FM, from which floral organs arise, is terminated at the stage when the 
primordia of the central floral organ carpels are formed, which is called 
determinate (Milksche, 1965). Such precise control of “meristem switch” 





Figure 1 Structure of the SAM in Arabidopsis 
Stem cell niche (red) is located in the meristem (green). Meristem is divided into CZ, 
RZ and PZ. L1, L2 and L3 layer are indicated by purple, pink and green colors, 
respectively. OC is localized beneath the third layer. Photographs were adapted from 





1.2 SAM and FM maintenance 
The maintenance of stem cell activity in the SAM is mediated by 
WUSCHEL-CLAVATA feedback loop (Schoof et al., 2000). WUSCHEL (WUS) 
encodes a homeodomain transcription factor, which is specifically expressed 
in the OC and functions to promote the stem cell activity (Mayer et al., 1998) 
(Figure 2). When WUS is mutated, the plants develop in a ‘stop-and-go’ mode. 
The main shoot apical meristem gives rise to around one to four leaf primordia 
in two weeks after germination. The SAM appears ‘terminated’ and fails to 
produce any subsequent leaf primordia until the fourth week, accompanied 
with the initiation of secondary lateral shoot meristems. Elongation of stems 
occurs in two to four months after germination. Occasionally, the 
inflorescences of wus-1 give rise to one to five flowers. The flowers of wus-1 
mutant lack carpels and the number of floral organs is reduced (Laux et al., 
1996). In spite of the key role of WUS in the stem cell maintenance, the 
mechanism how WUS functions is still under investigation. To understand the 
function of WUS, two main questions need to be answered. First, what are the 
downstream targets of WUS? To date, genome-wide analysis of WUS targets 
have been reported and a couple of downstream targets of WUS in the SAM 
have been identified, such as the cytokinin-inducible response regulators 
ARR5, ARR6, ARR7 and ARR15 (Leibfried et al., 2005). Second, how does 
the OC-localized WUS affect the whole SAM? Actually it has been found that 
WUS is a mobile protein that migrates into the CZ from OC and activates the 
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expression of CLAVATA3 (CLV3) by binding to its promoter (Yadav et al., 
2011). CLV3 encodes a small secreted peptide, which is expressed specifically 
in stem cells and acts as a mobile ligand (Fletcher et al., 1999; Rojo et al., 
2002; Trotochaud et al., 2000). The receptor kinases CLV1 and 
CLV2/CORYNE (CRN), which are expressed in the whole CZ domain, 
function as the receptor of the CLV3 ligand (Bleckmann et al., 2010; Clark et 
al., 1993; Clark et al., 1997; Muller et al., 2008; Stone et al., 1998; Zhu et al., 
2010). However, the mechanism of CLV signaling pathways remains unclear. 
POLTERGEIST (POL) and PLL1, mutants of which are able to partially 
suppress clv mutant phenotypes, encode phosphatases and mediate the CLV 
signaling pathway (Song et al., 2006; Yu et al., 2003; Yu et al., 2000). The 
CLV system represses the expression of WUS in OC, forming a negative 
feedback loop to maintain the stem cell activity at appropriate level (Figure 2). 





Figure 2 WUS-CLV feedback loop 
CLV3 is expressed specifically in stem cells and migrate to the OC to suppress WUS 
via interaction with CLV1. WUS in turn moves from OC to the stem cell and 





1.3 Flower development - The ABC model 
In Arabidopsis, the flowers consist of four sepals (first whorl), four petals 
(second whorl), six stamens (third whorl) and two fused carpels (fourth whorl). 
Based on the genetic studies of several floral organ identity mutants, the ABC 
model was proposed two decades ago (Bowman et al., 1991; Meyerowitz et al., 
1991). In this model, there are three classes of genes: A class including 
APETALA1 (AP1) and APETALA2 (AP2), B class including APETALA3 (AP3) 
and PISTILLATA (PI) and C class including AGAMOUS (AG). A class genes 
alone determine the sepal identity, and, in combination with B class genes, 
specify the petal identity. C class gene alone controls the developmental 
program of carpels, and, together with B class genes, determines the stamen 
identity. Several years later, the E class genes, including SEPALLATA1 (SEP1), 
SEPALLATA2 (SEP2), SEPALLATA3 (SEP3) and SEPALLATA4 (SEP4), was 
shown to coordinate the functions of the ABC three class genes (Jack, 2001; 
Pelaz et al., 2000; Pelaz et al., 2001). SEP proteins form complexes with the 
ABC proteins, which are necessary for the specification of floral organs. 
Mutation of each ABC gene leads to loss of the corresponding organs they 
determine. However, mutations of SEPs cause conversion of all the floral 
organs into sepaloid (in case of sep1 sep2 sep3) or leaf-like (sep1 sep2 sep3 
sep4) organs. (Pelaz et al., 2000). 
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1.4 Early flower developmental program – stages 
During the reproductive phase, flowers arise from the flanks of the 
inflorescence meristem (IM). The developmental stages of flower is initiated 
when the floral primordia grow out from the IM. The morphogenesis, growth 
rate, and surface structure of floral organs have been investigated in detail. 
The flower development can be divided into 12 stages (Smyth et al., 1990). 
Stage 1 begins with the initiation of floral primordia on the flank of IM and 
last for one day under 24 hours light at 22 C (Figure 3A). When floral 
primordia are separated from the IM, it comes to stage 2 with duration of 30 
hours (Figure 3A). In the next stage of 18 hours, sepal primordia arise and at 
stage 4 of another 18 hours the sepals overlie the primordia (Figure 3A). Stage 
5 is as short as 6 hours, when petal and stamen primordia appear (Figure 3A, 
B). After that, sepals enclose the inner organs as a landmark of stage 6 and last 
for 30 hours. During stage 6, stamen primordia grow rapidly and the carpel 
primordia are initiated along with the termination of the FM (Figure 3B). In 
stage 7, stamen primordia become stalked and develop locules at stage 8 
(Figure 3C, D). Stage 9 is as long as 60 hours, during which petal primordia 
become stalked and all organs elongate rapidly (Figure 3E). At stage 10, petals 
overlie the lateral stamens (Figure 3F). In the next stage, stigmatic papillae 
appear (Figure 3G). Petals continue to elongate and overlie the longer stamen 
at stage 12. At this stage, the flower bud opens (Figure 3H). This final stage 




Figure 3 Scanning electron micrographs of flower of each stage in Arabidopsis 
(A) Inflorescence with flowers of stage 1-5. (B) Stage 5. (C) Stage 6. (D) Stage 7. (E) 
Stage 8. (F) Stage 9. (G) Stage 10. (H) Stage 11. (I) Stage 12. Photographs were 




1.5 Structure of gynoecium 
The gynoecium of Arabidopsis is composed of two fused carpels. It is a 
complex structure with morphologically and functionally distinct kinds of 
tissues and cell types that incorporate to support the female reproductive 
functions. From top to bottom along the apical–basal axis, the mature pistil 
can be divided into four structures: stigma, style, ovary and gynophore (Figure 
4 A). Stigma contributes to the reception and growth of pollen grains. Style 
contains the apical part of the transmitting tract, which is necessary for the 
elongation of pollen tubes. Ovary is the major part of pistil, which is 
morphologically divided into medial adaxial, medial abaxial, lateral adaxial 
and lateral abaxial domains (Figure 4B, C). Ovules and the gynoecial septum 
arise from the medial adaxial domain. The medial abaxial portion gives rise to 
the abaxial replum. Valves arise from the lateral domain, and function to 
enclose the two locules. Gynophore is an internode structure supporting the 




Figure 4 Structure of the gynoecium in Arabidopsis 
(A) Mature gynoecium of a stage 12 flower. (B) Transverse section of gynoecium of 
a stage 11 flower. Medial–lateral and abaxial–adaxial domains were indicated. (C) 
Gynoecium of a stage 7 flower. Medial–lateral and abaxial–adaxial domains were 
indicated. Green - ovules; purple - septum and transmitting tract. Photos were cited 




1.6 Selected key genes in flower development 
1.6.1 APETALA1 (AP1) 
AP1 encodes a MADS-domain transcription factor, which functions in floral 
meristem initiation and determination of floral organ identity (Mandel et al., 
1992). It is activated by FLOWERING LOCUS T (FT)/FLOWERING LOCUS 
D (FD) and LEAFY (LFY) (Wagner et al., 1999; Wigge et al., 2005). 
Interestingly, AP1 in turn activates LEAFY to form a positive feedback loop 
(Liljegren et al., 1999). In inflorescence, AP1 expression commences in 
incipient floral primordia and is expressed in the whole floral primordia until 
stage 3, when the repressor of AP1 - AG is expressed (Gustafson-Brown et al., 
1994). After stage 3, Expression of AP1 is restricted to the first two whorls, 
which give rise to sepals and petals (Gustafson-Brown et al., 1994; Mandel et 
al., 1992). The spatio-temporal expression pattern of AP1 is consistent with its 
functions. During the floral transition, varied flowering pathways converge to 
the activation of AP1 (Wellmer and Riechmann, 2010). AP1 then promotes the 
development of floral primordia by inducing floral homeotic genes and 
suppressing floral repressors (Kaufmann et al., 2010). During the flower 
development, AP1 determines the floral organ identity of sepals and petals as 
an A class gene. When AP1 is mutated, the first whorl sepal becomes bracts. 
Intriguingly, the second whorl is replaced by a new ap1 flower, which is 
believed to be caused by the partial transformation of the floral meristem into 




AP2 encodes an AP2-domain transcription factor. As an A class gene, AP2 
determines the organ identity of sepals and petals (Bowman et al., 1989, 1991). 
AP2 is the main repressor of AG in the first two whorls. When AP2 is mutated, 
the first whorl is replaced by two carpels, which is caused by the ectopic 
expression of AG in the first whorl (Drews et al., 1991). Surprisingly, in the 
ap2-2 flower, the number of stamen become 1-2, but not ten (four petals is 
supposed to become four stamens). The mechanism of the reduction of stamen 
number is still unclear, although people believe that the ectopic expression of 
AG causes the precocious termination of floral meristems, and thus leads to 
the reduced stamen number. Moreover, AP2 also controls the flowering time 
and the development of seeds. AP2 acts as both transcriptional activator and 
repressor, by directly inducing floral repressor like AGAMOUS-LIKE15 
(AGL15) and directly repressing floral activators such as SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS1 (SOC1) (Yant et al., 2010). In ap2-2, 
the seed shape, seed mass and seed yield are affected (Jofuku et al., 1994; 
Jofuku et al., 2005; Leon-Kloosterziel et al., 1994; Ohto et al., 2005). In 
addition, identification of an ap2 mutant in which SAM was prematurely 
terminated suggests the function of AP2 in the regulation of stem cell niche 
(Wurschum et al., 2006). Regulation of AP2 is another interesting topic, as 
AP2 is one of the earliest discovered miRNA-regulated genes. Although AP2 
RNA abundance is comparable in WT with mutants of miRNAs processors, 
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AP2 protein abundance is elevated when the miRNA processors are mutated 
(Chen, 2004), suggesting a translational repression of AP2. The repressor was 
found to be miR172, which is dominantly expressed in whorls 3 and 4 (Chen, 
2004). 
1.6.3 AGAMOUS 
As the only one C class gene, the MADS-domain transcription factor AG 
functions to determine the organ identity of stamens and carpels (Bowman et 
al., 1989). AG regulates thousands of genes in flowers (Gomez-Mena et al., 
2005). When AG is mutated, organs in the third whorl are replaced by petals 
(Bowman et al., 1989). Although AG is referred as a C class gene due to its 
function in determining floral organ identity, its function in FM determinacy 
seems to draw more attention. In addition to the morphological change of the 
third and fourth whorl organs, the FM of ag-1 flower fails to terminate at stage 
6. Inside the third whorl petals, another ag-1 flower is produced. In other 
words, ag-1 flower keeps producing infinite number of whorls from the 
indeterminate floral meristem and the organ identity of each whorl is (started 
from the first whorl): sepal, petal, petal, sepal, petal, petal, sepal…… an 
iteration of ‘sepal, petal, petal’ (Bowman et al., 1989). This phenotype 
suggests that the FM fails to be terminated in ag-1. 
1.6.4 KNUCKLES 
Although AG is believed to be the key terminator of FM, the mechanism how 
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AG terminates FM remained unclear until the introduction of KNU, a 
downstream target of AG (Sun et al., 2009). AG is shown to directly repress 
WUS by binding to its promoter (Liu et al., 2011), although the effect of this 
repression is too weak to explain the strong indeterminate phenotype of ag-1 
FM. In addition, the different timing between the expression initiation of AG 
(stage 3) and the expression termination of WUS (stage 6) suggests that the 
repression of WUS by AG is indirect (Lenhard et al., 2001). KNU is shown to 
mediate this delayed repression. In stage 3, AG binds to the promoter of KNU 
and competitively remove the binding of polycomb repressive complex 2 
(PRC2), a class of polycomb-group proteins (PcG). After 1-2 cell cycle 
progression, the repression mark on KNU locus is diluted, leading to the 
activation of KNU at stage 6 and the subsequent repression of WUS by KNU 
(Sun et al., 2014; Sun et al., 2009). 
1.6.5 CRABS CLAW 
CRABS CLAW (CRC) is a founding member of the YABBY family. Protein 
sequence analysis indicates that CRC contains a zinc finger domain and a 
YABBY domain, both functioning in DNA binding, suggesting that CRC is a 
transcription factor (Bowman and Smyth, 1999). Furthermore, CRC is highly 
conserved among flowering plant species. Numerous orthologues of CRC 
from other species, such as Oryza sativa, Pisum sativum, Epimedium 
sagittatum, Asparagus asparagoides and California poppy, have been reported, 
with similar and diverged functions (Fourquin et al., 2014; Nakayama et al., 
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2010; Orashakova et al., 2009; Sun et al., 2013). Expression of CRC in 
Arabidopsis flower initiates at stage 6 and localizes to the abaxial region of 
carpels and nectaries (Bowman and Smyth, 1999). Mutation of CRC leads to 
unfused carpels, the loss of style and nectaries, as well as shortened and wider 
carpels (Bowman and Smyth, 1999). It was proposed that AP3/PI and AG act 
redundantly with each other and in combination with SEPs to activate CRC in 
carpels and nectaries (Lee et al., 2005). Furthermore, another remarkable 
function of CRC, meristem determinacy is inferred form the ability of crc-1 in 
enhancing the FM indeterminacy of other mutants such as rebelote (rbl), 
squint (sqn), ultrapetala1 (ult1) and jaiba (jab) (Prunet et al., 2008; 
Zuniga-Mayo et al., 2012). 
1.7 Hormonal regulation of flower development 
Global expression profiling of downstream targets of floral homeotic proteins 
have shown the interaction between the homeotic genes and hormone 
pathways (Gomez-Mena et al., 2005; Kaufmann et al., 2009; Kaufmann et al., 
2010). For instance, initiation of flower development by inducing AP1 activity 
in ap1 cauliflower (cal) leads to the activation of the catalytic enzymes of 
gibberellin, GA3ox and GA2ox, and repress the signaling molecule of GA, 
RGL2 (Kaufmann et al., 2010). AGAMOUS (AG) activates GA3ox to regulate 




Gibberellin (GA) is essential for diverse developmental processes including 
flowering. Although there are dozens of GAs in Arabidopsis, only a few of 
them are biologically active. The major bioactive GAs discovered so far are 
GA1, GA3, GA4 and GA7 (Yamaguchi, 2008). Most of the GA signaling 
components and the biosynthetic genes have been identified by genetic 
screening in Arabidopsis, including enzyme-coding genes, CPS (ent-copalyl 
diphosphate synthase)/GA1, KS (ent-kaurene synthase), KO (ent-kaurene 
oxidase), KAO (ent-kaurenoic acid oxidase), GA20ox (GA 20-oxidase), GA3ox 
(GA 3-oxidase) and GA2ox (GA 2-oxidases)(Hedden and Thomas, 2012), GA 
receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), the DELLA 
sub-family of the GRAS domain transcription factors (DELLAs) and the 
F-box proteins SLEEPY1 (SLY1), SNEEZY (SNZ)(Daviere and Achard, 
2013). In Arabidopsis five DELLAs have been identified: GA-INSENSITIVE 
(GAI), REPRESSOR OF GA1-3 (RGA), RGA-LIKE 1 (RGL1), RGL2 and 
RGL3 (Peng et al., 1997; Peng et al., 1999). They function to sequester 
transcription factors or regulators by forming inactive complex with them. 
Upon the perceiving of GA by the soluble receptor GID1, DELLAs are 
recruited to form a GA-GID1-DELLA complex, leading to the interaction 
between DELLAs and the E3 ubiquitin ligase SCFSLY1/SNZ and the consequent 
degradation of DELLAs (Griffiths et al., 2006; McGinnis et al., 2003; Murase 
et al., 2008; Shimada et al., 2008; Silverstone et al., 2001; Ueguchi-Tanaka et 
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al., 2005; Ueguchi-Tanaka et al., 2007; Willige et al., 2007). Thus, the function 
of GA is to release the transcription factors or regulators from the suppression 
by DELLAs and to promote plant growth. 
GA pathway is one of the reported flowering pathways in plants. GA-deficient 
ga1-3 mutants show slightly late flowering in long days and prevents 
flowering in short days (Wilson et al., 1992), which is at least partly due to the 
decrease of mRNA level of the floral meristem identity gene LEAFY 
(LFY)(Blazquez et al., 1998; Eriksson et al., 2006). Intriguingly, it was 
recently reported that GA does not only function to terminate the vegetative 
development but also inhibit flower formation (Yamaguchi et al., 2014). 
SQUAMOSA PROMOTER BINDING PROTEIN–LIKE 9 (SPL9), which is 
an activator of the floral meristem identity gene APETALA1 (AP1), may 
recruit DELLAs to the promoter of AP1 and induce its expression. Such 
inhibition of flower formation is compromised by LFY via activating the GA 
catabolism gene EUI-LIKE P450 A1 (ELA1) and thus reducing the GA levels 
(Yamaguchi et al., 2014), suggesting a feedback loop between GAs and 
LEAFY 
In flowers, GA regulates the development of petals and stamens by 
antagonizing the functions of DELLAs RGA, RGL1 and RGL2 (Cheng et al., 
2004). Elongation of petals and stamens are suppressed in ga1-3 mutant. 
Notably, in this process GA does not regulate cell division but cell elongation 
(Cheng et al., 2004). Genome-wide expression analysis has shown that among 
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the genes down-regulated by RGA more than one third are predominantly or 
specifically expressed in stamens (Hou et al., 2008). Expression of GA1 and 
GA3ox, which encode GA biosynthetic genes functioning in key steps, is 
restricted to the receptacle and the stamens after floral stage 7, suggesting that 
these tissues may act as GA source for the whole flower development (Hu et 
al., 2008; Rieu et al., 2008), which coincides with the fact that GA is a mobile 
signal (Eriksson et al., 2006). GA is also important for the pollen development 
and tapetum function. In gid1 mutant, the anther development is arrested and 
meiosis is blocked (Aya et al., 2009). Double mutant of MYB33 and MYB65, 
which has been identified as downstream targets of GA signaling, displays 
tapetum hypertrophy and pollen abortion (Millar and Gubler, 2005). In 
addition, there is evidence indicating that GAs function to promote the 
expression of floral homeotic genes. GA treatment immediately induces the 
transcript levels of floral homeotic genes APETALA3 (AP3), PISTILLATA (PI), 
and AG and induction of the RGA activity represses their expression 
transcriptionally (Yu et al., 2004). Interestingly, a feedback loop has been 
reported that AG activates GA3ox (Gomez-Mena et al., 2005) and 
overexpression of AG is able to partially rescue the floral defect in ga1-3 (Yu 
et al., 2004). Formation of axillary flower in ap1 flowers is suppressed by 
spindly (spy), a mutation activating basal gibberellin signal transduction 
(Okamuro et al., 1997). These findings link the floral meristem genes and 
floral organ identity genes to GA signaling pathways. 
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1.7.2 Cytokinin (CK) 
Genetic, molecular and biochemical approaches have identified a large 
number of genes involved in CK signaling, including the 
isopentenyltransferase (IPT) (Sakakibara, 2006) and CK-activating enzyme 
LONELY GUY (LOG) (Kuroha et al., 2009) for CK biosynthesis, CK 
oxidase/dehydrogenase (CKX) for CK degradation (Werner et al., 2006), 
histidine protein kinases AHK2, AHK3, and AHK4 (CRE1/WOL) as CK 
receptors, histidine phosphotransfer proteins (AHPs) and ARABIDOPSIS 
RESPONSE REGULATORS (ARRs) as nuclear responsors to transcriptionally 
regulate downstream targets (Muller and Sheen, 2007). 
Mounting number of studies have implicated CK in the regulation of flower 
development. A possible role of CK in the regulation of floral transition has 
been proposed. Upon the induction of flowering by long day, level of CK in 
leaves and SAM is increased both in Arabidopsis and in another Brasicasea 
plant Sinapis alba (Corbesier et al., 2003; Jacqmard et al., 2002). CK is able to 
activate SaMADS A, a gene involved in the floral transition in Sinapis alba 
(Bonhomme et al., 2000). More recently, CK is shown to activate TWIN 
SISTER OF FT (TSF), FD and SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS 1 (SOC1) in short day condition to promote flowering (D'Aloia 
et al., 2011). 
Multiple lines of evidence have suggested that CK is involved in the 
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maintenance of SAM. Interaction between CK signaling pathway and the 
WUS-CLV feedback loop has been documented. CK is able to induce the 
expression of WUS, and WUS in turn represses four A-type ARRs (ARR5, 
ARR6, ARR7 and ARR15), which are negative regulators of CK signaling 
(Buechel et al., 2010; Gordon et al., 2009; Leibfried et al., 2005). It is believed 
that the maintenance of SAM and FM are regulated by similar pathways. 
Over-production of CK in ckx3 ckx5 double mutants leads to enlarged floral 
meristems, enlarged floral organ size, increased floral organ number and 
higher seed yield (Bartrina et al., 2011). Recently, AP1 is shown to reduce CK 
activity by directly repressing the cytokinin biosynthetic gene LOG1 and 
activating the cytokinin degradation gene CKX3, and thus to inhibit the 
formation of axillary secondary flower (Han et al., 2014). 
In addition to the meristem maintenance function, CK is also involved in 
organ identity control. Application of the cytokinin 6-Benzylaminopurine 
(BAP) on flowers partially phenocopies several floral homeotic mutants 
including ap1, ap2 and ap3 (Venglat and Sawhney, 1996), indicating that CK 
negatively regulates AP1, AP2 and AP3. 
1.7.3 Auxin 
Auxin has a plethora of functions in plants, such as stimulation of cell 
elongation and division, establishment of polarity, apical dominance and tropic 
response, control of leaf abscission and so on. In Arabidopsis, two auxin 
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receptors have been identified: TRANSPORT INHIBITOR RESPONSE 
1/AUXIN SIGNALLING F-BOX proteins (TIR1/AFBs) (Dharmasiri et al., 
2005a; Dharmasiri et al., 2005b; Kepinski and Leyser, 2005) and AUXIN 
BINDING PROTEIN 1 (ABP1) (Sauer and Kleine-Vehn, 2011; Scherer et al., 
2012). TIR1/AFBs is able to form an ubiquitin protein ligase complex SCFTIR1 
with some other proteins. When auxin is perceived by TIR1/AFBs, Aux/IAA 
proteins are recruited to form a (TIR1/AFB)-IAA-(Aux/IAA) complex and 
directed to degradation via the 26S proteasome (Calderon-Villalobos et al., 
2010; Hayashi et al., 2012). When auxin level is low, the free Aux/IAA 
proteins form a complex with the co-repressor TOPLESS (TPL) and the auxin 
response factors (ARFs) to inhibit the transcriptional activities of ARFs. 
Therefore the function of auxin is to sequester the Aux/IAA proteins and 
release the activities of ARFs. ABP1 is located in the endoplasmic reticulum 
(ER)-and cell wall. The ABP1 pathway plays an important role in cell wall 
loosening, endocytosis and rearrangement of cytoskeleton during cell 
expansion (Robert et al., 2010; Xu et al., 2010). In Arabidopsis, several auxin 
biosynthesis pathways have been discovered and some key components have 
been identified: the tryptophan aminotransferase (TAA1) and its homologues 
TAR1 and TAR2 (Stepanova et al., 2008; Tao et al., 2008; Yamada et al., 2009; 
Zhou et al., 2011) and the YUCCA (YUC) family (Mashiguchi et al., 2011; 
Stepanova et al., 2011; Won et al., 2011). Among the diverse hormones in 
plants, auxin is paid the most attention to its transport. The transport of auxin 
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plays a key role in auxin signaling pathway and is precisely regulated. In 
Arabidopsis, there are two kinds of auxin transporters: efflux transporters 
(PIN-FORMED (PIN) and ATP-binding cassette (ABC)) and influx 
transporters (AUXIN RESISTANT 1 (AUX1), LIKE AUXIN RESISTANT 1 
(LAX1), LIKE AUXIN RESISTANT 2 (LAX2) and LIKE AUX1 3 (LAX3)) 
(Petrasek and Friml, 2009; Zazimalova et al., 2010). 
In the IM, the floral primordia are initiated at the regions with auxin maxima, 
which is directed by the polarized subcellular localization of the auxin efflux 
transporter PIN-FORMED 1 (PIN1) (Reinhardt et al., 2000). In pin1 mutants, 
no lateral organs are produced and the shoot becomes ‘pin-like’ (Galweiler et 
al., 1998). Interestingly, AP1 is expressed in the pin1 shoot, indicating that the 
shoot apical meristem identity is changed to the floral meristem identity. 
Recently it has been demonstrated that the MACCHI-BOU 4 (MAB4) family 
genes, which encode NONPHOTOTROPIC HYPOCOTYL 3-like proteins and 
function in PIN endocytosis, are implicated in the establishment of inward 
auxin transport from the L1 layer by promoting basipetal PIN1 polarization 
during the initiation of floral primordia, which is essential for normal organ 
development (Furutani et al., 2014). During the initiation of floral primordia, 
ARF5/ MONOPTEROS (MP) activates LFY to specify the floral meristem 
identity. LFY in turn promotes the auxin signaling to form a positive feedback 
loop (Li et al., 2013; Yamaguchi et al., 2013). 
Similar to lateral organ initiation, commencement of floral organ primordia 
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growth is also triggered by local auxin maxima at the primordia region, 
visualized by the DR5 reporter line (Cheng et al., 2006; Nemhauser et al., 
2000; Tobena-Santamaria et al., 2002). Low level of auxin is detected at the 
organ boundary region, where organ boundary gene (Aida et al., 1997) is 
activated and growth is suppressed (Heisler et al., 2005). In the weak allele of 
pin1 and pid mutant flowers, floral organ numbers are abnormal (Cheng et al., 
2008). The initiation of petals is sensitive to reduced auxin levels. Mutation of 
AUX1 enhances the petal initiation defect in petal loss (ptl) mutant 
(Lampugnani et al., 2013). Development of nectary and production of nectar 
also require auxin signaling. In Arabidopsis flower, PIN6 is mainly expressed 
in nectary and it plays a key role in promoting nectar production. Treatment of 
auxin dramatically increases the production of nectar (Bender et al., 2013). 
TORNADO 2 (TRN2), which encodes a transmembrane protein of the 
TETRASPANIN (TET) family, is suggested to affect the transport of auxin 
(Cnops et al., 2006). All the floral organs are severely twisted in trn2 mutant 
and irregularly shaped (Chiu et al., 2007). 
Several biological processes during stamen development implicate the 
importance of auxin signaling. Elongation of stamen filaments is suppressed in 
yuc2 yuc6, tir/afb and arf6 arf8 mutants (Cecchetti et al., 2008; Cheng et al., 
2006; Nagpal et al., 2005; Ru et al., 2006; Wu et al., 2006). NPA treatment 
also leads to short filament (Cecchetti et al., 2008). When the auxin activity is 
reduced specifically in the filament, reduction of auxin signaling in anther and 
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defect in pollen mitosis is observed, suggesting that auxin transport from 
filaments to anthers is important for normal anther development (Feng et al., 
2006). Furthermore, pollen formation is even lost when auxin biosynthesis is 
suppressed (Cheng et al., 2006). Auxin is also required for the timing control 
of anther dehiscence. In tir/afb mutant anther dehiscence is precocious, 
whereas when enhancing the auxin sensitivity, anther dehiscence is delayed 
(Cecchetti et al., 2008; Cecchetti et al., 2004). These results indicate that auxin 
promotes pollen formation but delays anther dehiscence. 
Auxin also plays an essential role in gynoecium development. Reduction of 
PIN1 activity leads to abnormal development of female gametophyte (Ceccato 
et al., 2013). An auxin gradient model determining the gynoecium morphology 
has been proposed (Nemhauser et al., 2000). According to this model, auxin is 
mainly synthesized at the top of gynoecium and transport downwards to form 
a gradient spanning the gynoecium. Auxin level in the apical region is highest 
and determines the development of stigma and style. Intermediate level of 
auxin specifies ovary and low level of auxin promotes gynophore development. 
Several apically expressed genes, including STYLISH (STY) and NGATHA 
(NGA), activate the auxin biosynthesis genes YUCs and form positive 
feedback loop to further promote the development of style and stigma 
(Alvarez et al., 2009; Cheng et al., 2006; Eklund et al., 2010; Kuusk et al., 
2002; Martinez-Fernandez et al., 2014; Trigueros et al., 2009). NGA is 
suggested to be a direct target of AG (Kaufmann et al., 2009). 
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Inhibition of polar auxin transport disrupts the apical-basal pattern of 
gynoecium, which could be due to the shift of the threshold boundaries of 
auxin (Nemhauser et al., 2000; Staldal and Sundberg, 2009). In addition, 
mutations of several transcription factors, including ETTIN (ETT)/ARF3, 
SPATULA (SPT), LEUNIG (LUG), and SEUSS (SEU), lead to defect in 
gynoecium development, which is caused by abnormal auxin signaling. 
Interestingly, ETT is suggested to repress SPT. (Heisler et al., 2001; Kuusk et 
al., 2006; Nemhauser et al., 2000; Pfluger and Zambryski, 2004; Sessions et 




Figure 5 Regulation of flower development by hormonal pathways and their crosstalks 
(A) Auxin maxima directed by PIN1 triggers the initiation of floral primordia. A feedback loop between LFY and auxin signaling is involved.  (B) Similar 
with the case in floral primordia, auxin maxima always appears at the region where floral organ primordia grow, which is directed by PIN1. (C) Stamen 
development is regulated by crosstalk between GA, JA and auxin, which involve several transcription factors including the homeotic floral regulators AP3/PI 
and AG. (D) Downstream targets of AG induce auxin synthesis at the apex of carpel to promote the development of stigma and style. PIN1 control the auxin 




1.8. Function of microRNAs in flower development 
Since the first microRNA (miRNA) lin-4 was identified from C.elegans in 
1993 (Lee et al., 1993), it has been found that the 21-nt-short RNAs play 
crucial roles in the developmental processes in various organisms. The first 
plant miRNA was identified by genetic screening (Park et al., 2002; Reinhart 
et al., 2002). With the help of bioinformatic analysis, hundreds of miRNAs 
have been investigated in plants. They function throughout the flower 
development, including regulating flowering time, floral meristem 
determinacy, floral organ identity and floral patterning (Table 1). In addition to 
miRNAs, another kind of small RNAs, small interfering RNAs (siRNAs) have 
also been implicated in regulation of many developmental processes. Since 
few findings regarding the influence of siRNAs on flower development has 
been reported, here we mainly discuss functions of miRNAs in flowering and 
flower development. 
1.8.1 MicroRNA Biogenesis in Arabidopsis 
Similar to protein-coding genes, miRNAs are transcribed from a transcriptional 
unit. They have their own promoters which contain cis-elements and are 
regulated by various transcription factors. MIR genes are first transcribed into 
primary miRNA (pri-miRNA), which carry 5’ cap, 3’ poly A and sometimes 
even intron, by RNA polymerase II (Pol II) (Bartel, 2004). After transcription, 
pri-miRNAs form hairpin structure due to partial self-complementary match. In 
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the next step, pri-miRNAs are processed by Dicer-like 1 (DCL1) into miRNA 
duplexes via two sequential steps. In the first step, the secondary structure 
within the pri-miRNAs is recognized by DCL1 with the help of 
HYPONASTIC LEAVES 1 (HYL1) and SERRATE (SE). HYL1 encode 
dsRNA-binding proteins (Hiraguri et al., 2005; Lu and Fedoroff, 2000). It has 
been shown that hyl1 mutants lead to the accumulation of pri-miRNAs but 
decrease of pre-miRNAs (Hiraguri et al., 2005; Kurihara et al., 2006), and 
further that HYL1 protein directly interacts with DCL1, suggesting that HYL1 
may participate in the pri-miRNA to pre-miRNA processing through the 
recruitment of DCL1. SE is a C2H2 zinc finger protein, which has been shown 
to interact with HYL1 and the mutant of which causes increased level of 
pri-miRNAs (Lobbes et al., 2006; Yang et al., 2006a). Thus in the first step, 
the DCL1/HYL1/SE complex recognizes pri-miRNAs and releases the 
stem-loop region from the pri-mRNAs to generate precursor miRNA 
(pre-miRNA) (Han et al., 2004; Lobbes et al., 2006). In the second step, DCL1 
alone releases the miRNA duplexes from the pre-miRNAs (Mateos et al., 2010; 
Song et al., 2010; Werner et al., 2010). Partial loss-of-function dcl1 mutants 
reduce the accumulation of miRNAs and consequently exhibit multiple 
developmental defects (Jacobsen et al., 1999; Park et al., 2002; Ray et al., 1996; 
Reinhart et al., 2002). As DCL1 is involved in both the sequential steps, the 
dcl1 null mutant shows decreased levels of pre-miRNAs while pri-miRNAs 




In addition to miRNA processing, DCL1 is also required for the biogenesis of 
one class of siRNAs known as nat-siRNAs (Borsani et al., 2005; 
Katiyar-Agarwal et al., 2006), although the biochemical mechanism is 
unknown. Other homologs of DCL1, including DCL2, DCL3, and DCL4 are 
mainly responsible for processing long dsRNAs into siRNAs. It was shown that 
DCL4 also functions in the biogenesis of a few miRNAs in Arabidopsis 
(Rajagopalan et al., 2006).  
After the processing by the dicer complex, miRNAs undergo methylation on the 
2’OH of the 3’ terminal nucleotide, which is important for the stabilization of 
miRNAs. A lack of methylation leads to uridylation and degradation of 
miRNAs. HUA ENHANCER 1 (HEN1), a methyltransferase identified from 
an enhancer screening of ag-4, has been shown to be responsible for the 
methylation of miRNA duplexes (Bonnet et al., 2004; Chen et al., 2002). In the 
hen mutant, the amount of miRNAs are reduced, and HEN1 is able to methylate 
miRNAs in vitro (Yu et al., 2005). The 2nt 3’overhang of miRNA/miRNA* 
duplex, which is produced by DCL proteins, is necessary for the recognition by 
HEN1, since none of 1nt, 3nt, 4nt, or 5nt overhangs can be methylated (Yang et 
al., 2006b; Yu et al., 2005). 
After the methylation step, the miRNA/miRNA* duplexes are exported from 
nucleus into cytoplasm by HASTY 1 (HTY1), which is an orthologue of 
Exportin-5 in animals (Bollman et al., 2003; Park et al., 2005). It has been 
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suggested that methylation of miRNA duplexes could be a signal for exporting 
(Park et al., 2005).  
In cytoplasm, miRNA/miRNA* duplexes load to RNA-induced silencing 
complex (RISC) assembly, which includes ARGONAUTE (AGO) proteins as 
key components. AGOs contain the PAZ domain, which binds to RNA, and the 
PIWI domain whose structure mimics RNaseH (Ma et al., 2004; Ma et al., 
2005; Parker et al., 2004, 2005; Song et al., 2004). In Arabidopsis there are ten 
genes in the AGO family, and most of them have RNA cleavage activity in their 
PIWI domains. When loaded to the RISC assembly, one strand of the miRNA 
duplex is cleaved by AGO to produce functional miRNAs. Which strand in the 
duplex will be cleaved is determined by the thermodynamic properties of their 





Figure 6 Summary of miRNA biosynthesis in plants 
miRNAs are transcribed by RNA Pol II to produce pri-miRNAs. DCL1/HYL1/SE complex recognizes the secondary structure of pri-miRNAs and release the 
stem-loop structure. This stem-loop region are further processed by DCL1 to generate miRNA duplexes, followed by methylation at 3’-OH residues by HEN1. 
The methylated miRNA duplexes are exported from nucleus into cytoplasm by HASTY, a homolog of Exportin-5 in animals and recruit AGO and necessary 
proteins to form a RISC, where one strand of the duplex will be cleaved by AGO. The remaining miRNA guides the RISC assembly to target mRNA and 
cause either target cleavage or translational repression. 
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1.8.2 MicroRNAs regulating floral transition 
In plants, there are several endogenous and environmental pathways 
controlling the transition from vegetative to reproductive stages, including 
autonomous pathway, photoperiod pathway sensing the length of light cycle, 
gibberellin (GA) pathway functioning in the short day condition, vernalization 
pathway in response to exposure to low temperature and thermosensory 
pathway controlled by ambient temperature. All these pathways converge to a 
couple of flowering integrators and eventually activate the floral meristem 
identity genes. Many genes related to these pathways have been identified, 
some of which are regulated by miRNAs either directly or indirectly. 
1.8.2.1 miR172 and miR156 regulate multiple flowering pathways 
miR172 is one of the earliest miRNAs identified in plants (Park et al., 2002). 
It regulates the plant-specific transcription factor APETELA2 (AP2) and four 
AP2-like genes, including TARGET OF EAT1 (TOE1), TOE2, 
SCHNARCHZAPFEN (SNZ), and SCHLAFMÜTZE (SMZ), which functions as 
flowering repressors. miR172 targets their coding regions near the 3’ end (Kim 
et al., 2006; Shigyo et al., 2006). In Arabidopsis, five MIR172 loci have been 
identified. The expression of MIR172a, b and c genes increases during the 
floral transition, although the levels of MIR172d and e remain low. (Aukerman 
and Sakai, 2003; Chen, 2004; Jung et al., 2007; Park et al., 2002; Schmid et al., 
2003; Schwab et al., 2005), suggesting accumulation of miR172 may be 
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necessary for floral transition. Actually, overexpression of miR172 causes 
early flowering, which are mediated by the reduction of four AP2-like genes 
targeted by miR172. Overexpression of any of these four AP2-like genes 
causes late flowering, whereas toe1/toe2 mutants exhibit an early-flowering 
phenotype. Noticeably, plants that overexpress of miR172 flowers earlier than 
the toe1 toe2 smz snz quadruple mutant (Mathieu et al., 2009), suggesting 
other targets of miR172 may also function to repress flowering. Actually, it 
has been shown that AP2 may function as a flowering repressor. 
Overexpression of AP2 causes late flowering (Chen, 2004). AP2 binds to some 
flowering activators such as SUPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 (SOC1) and negatively regulates their expression (Yant et al., 
2010). However, how the four AP2-like genes functions to repress flowering is 
still not clear. 
As a flowering regulator, miR172 participates in multiple flowering pathways. 
Photoperiod affects expression of miR172 in a CONSTANS (CO)-independent 
GIGANTEA (GI) pathway. Level of miR172 decreases in gi-2 but not in co-2. 
In a short-day condition, miR172 remains in a low level but is high in 
long-day condition (Jung et al., 2007). Interestingly, miR172 is also involved 
in the thermosensory flowering pathway. The expression level of miR172 
increases in 23°C compared with 16°C (Lee et al., 2010). SHORT 
VEGETATIVE PHASE (SVP) and FCA are key regulators of the 
thermosensory pathway (Blazquez et al., 2003). In svp-32, expression of 
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miR172 is higher both in 16°C and 23°C compared with wild type (Lee et al., 
2010). The MADS domain protein SVP directly binds to the promoter of 
MIR172a and negatively regulates its transcript levels (Cho et al., 2012). FCA, 
as a RNA binding protein, binds to the flanking sequences of the stem-loop in 
pri-miR172 transcripts and regulates its processing (Jung et al., 2012). These 
results indicate that miR172 functions to adjust flowering time to adapt plants 
to the environmental changes. 
miR172 is also regulated by two members of the SQUAMOSA PROMOTER 
BINDING PROTEIN LIKE (SPL) family, SPL9 and SPL10. Overexpression 
of SPL9/10 leads to elevation of pri-miR172b and thus early flowering. 
SPL9/10 directly activate MIR172b by binding to its promoter (Wu et al., 
2009). Interestingly, SPL9/10 are targets of another miRNA, miR156. Level of 
miR156 is high in vegetative stage but low in reproductive stage, showing the 
opposite expression pattern to miR172. In addition to SPL9/10, SPL3/4/5, are 
also targeted by miR156 and function to activate the floral meristem identity 
genes. Overexpression of miR156-resistant SPL3/4/5 leads to early flowering 






Figure 7 Regulatory roles of miR172 and miR156 in floral transition 
miR172 and miR156 show inversely correlated expression pattern from vegetative to 
reproductive stages. Three targets of miR156, SPL3/4/5, function as a flowering 
repressor. SPL9/10 are also repressed by miR156 and directly activate miR172. 





1.8.2.2 miR159 regulates gibberellin pathway 
The GA signaling pathway is also affected by miRNAs. miR159 targets 
GAMYB-related genes, which are thought to be involved in the 
GA-dependent activation of the floral meristem identity gene LEAFY. 
Overexpression of miR159 leads to a reduction in LEAFY transcript, resulting 
in late flowering in short-day condition (Achard et al., 2004). It has been 
shown that GAI and RGA, members of DELLA family are down-regulated by 
GA signaling pathway, and function to repress miRNA159 (Achard et al., 
2004). Either in the GA-deficient ga1-3 mutant or in gai mutant which is a 
dominant altered-function allele, the level of miR159 is reduced. Notably, 
treatment of GA is able to rescue the level of miR159 in ga1-3 but bot in gai. 
At the same time, ga1-3 gai rga triple mutant has comparable levels of 
miR159 comparing to WT (Achard et al., 2004), revealing a complicated 
regulation of miR159 and GAMYB by the GA signaling. These results 
indicate that miR159 functions to mediate GA signaling to affect flowering. 
1.8.3 MicroRNAs Controlling Floral Meristem Determinacy 
1.8.3.1 miR165/166 regulate HD-ZIP III genes to control floral meristem 
miR165 and miR166 have been shown to control meristems behaviors and the 
abaxial-adaxial polarity of lateral organs. The mature miR165 and miR166 
share nearly the same sequence except for one nucleotide. In Arabidopsis, two 
MIR165 and six MIR166 loci have been identified (Reinhart et al., 2002). 
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Based on sequence analyses, miR165/166 are predicted to target the class III 
HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP III) genes, namely 
REVOLUTA (REV), PHAVOLUTA (PHV), PHABULOSA (PHB), ATHB-8 and 
CORONA (CNA), which function in meristems maintenance as well as 
regulating the lateral organs polarity. Their target sequences encode a part of 
the START domain of HD-ZIP III genes with near-perfect complementarity 
(Jung and Park, 2007; Kim et al., 2005; Tang et al., 2003). The mRNAs of 
PHB and ATHB-15 have been shown to be cleaved at the miR165/166 target 
sequence in biochemical assays. Mutations in the START domains to lose the 
complementarity with miR165/166 cause dominant mutations.  
In spite of the sequence similarity and conserved targets of these two miRNAs, 
there are some significant differences between them. First, based on promoter 
driven GUS activities, individual MIR166/165 genes exhibit distinct 
expression patterns in the developing flowers. For instance, miR166a is 
expressed in developing stamens, whereas miR166b is predominantly 
expressed developing in ovules and stigmas (Jung and Park, 2007). Second, 
overexpression of miR166 by activation tagging has been shown to reduce the 
mRNA levels of ATHB-9/PHV, ATHB-14/PHB and ATHB-15, and causes a 
phenotype resembling the phv phb athb-15 triple mutant with enlarged shoot 
apical meristems (SAMs) (Kim et al., 2005; Williams et al., 2005), while 
overexpression of miR165 causes a concomitant down-regulation of 
expression of all five HD-ZIP III genes and display prominent phenotypes 
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reminiscent of loss-of-function mutants of rev phb phv and rev/ifl1 with loss of 
SAMs (Zhou et al., 2007), indicating that miR165 and miR166 may have 
distinct effects on the regulation of their target genes. This could be due to 
different effectiveness of miR165 and miR166 on the cleavage of their target 
genes. In addition, different combinations of the HD-ZIP III mutants seem to 
result in the opposite SAM phenotypes, indicating that an accurate regulation 
of HD-ZIP III genes by miR165 and miR166 is essential for normal meristems 
formation. In flowers, both knock-down of HD-ZIP III genes by 
overexpression of miR165/166 and mis-expression of miR165/166 resistant 
HD-ZIP III genes lead to prolonged the floral meristem activity (Ji et al., 
2011). This also indicates that proper expression of HD-ZIP III genes is 
necessary to coordinate the balance between growth and differentiation in 
flowers. 
It has been shown that two members of ARGONAUTE (AGO) protein family, 
AGO1 and AGO10, the key components of RNA-induced silencing complexes 
(RISC), are responsible for incorporation of miR165/166 (Kidner and 
Martienssen, 2004; Liu et al., 2009). Despite the similar small RNA binding 
specificities of these two AGO proteins, the ago1 and ago10 mutants have 
different effects on miR165/166 and their target genes. The amount of 
miR166/165 is reduced in the ago1 mutant, but increased in ago10 (Kidner 
and Martienssen, 2004; Liu et al., 2009). This has been explained by the fact 
that AGO 10 has higher binding affinity than AGO1 to miR165/166 but cannot 
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functions normally, and thus act as a decoy to sequester miR165/166 to 
maintain the meristem (Zhu et al., 2011). 
1.8.3.2 miR172 plays a role in floral meristem determinacy via regulating 
AP2 
The regulation of floral meristems determinacy by miR172 is mainly via its 
well-known target AP2, which is A class organ identity gene determining the 
first whorl sepals and second whorl petals in the ABC model. AP2 may also 
regulate the floral meristem determinacy mainly via two mechanisms, 1) as a 
repressor of C class gene AG and 2) as an activator of the meristem 
determinant gene WUS. AG controls the floral meristem determinacy in 
addition to determine the reproductive identities, third whorl stamens and 
fourth whorl carpels as a C class gene. AG terminates the flower stem cell 
activity after the formation of carpel primordia through up-regulation of KNU 
to terminate the expression of WUS (Sun et al., 2009). In ap2-2, the organ 
identities of second whorl and third whorl both become stamens (Bowman et 
al., 1991), which correspond to loss of A function and ectopic C function. 
However, the number of stamens in these two whorls is only one or two, 
which is supposed to be ten theoretically (4 in the second whorl and 6 in the 
third whorl). This is probably due to the ectopic expression of AG and 
precocious termination of stem cells, since ap2-2 ag-4 partially rescue the 
organ number defects with an average of 5.4 stamens in whorls 2 and 3 
(Sieburth et al., 1995). A dominant allele of AP2 named I28 shows deficient 
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SAM and mimics wus-1 (Wurschum et al., 2006). This suggests that AP2 
functions to promote WUS, although the detailed mechanism is not clear. 
Overexpression of miR172 causes ap2-2 phenotype, whereas overexpression 
of miR172-resistant AP2 leads to various indeterminate flowers: from one 
with infinite growth of stamens in the 3rd whorl and 4th whorl to an ag-1-like 
flower with bigger meristems (Zhao et al., 2007). Thus, miR172 may regulate 
the stem cell activity in developing flowers via regulating AP2 in 
AG-dependent and independent pathways. 
1.8.4 MicroRNAs Controlling Floral Patterning 
1.8.4.1 Floral organ polarity 
During organ development, one of the most important programs is 
determination of the organ polarity, which leads to specification of tissues and 
organs with their normal functions. Dozens of genes have been identified with 
polarized expression patterns and function in controlling organ polarity, 
including miR165/166-regulated HD-ZIP III genes. However, based on what 
have been shown, miR165/166 appears to mainly regulate the polarity of 
leaves, but not in flowers. Since overexpression of miR166 does not affect the 
flowers (Jung and Park, 2007) and plants overexpressing of miR165 produce 
abnormal carpels which appears not to be caused by disruption of polarity 
(Zhou et al., 2007). 
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1.8.4.2 Organ boundary formation 
The miR164 family contains three members, and functions redundantly to 
control the boundary of floral organ primordia by regulating two NAC-domain 
genes CUP-SHAPED COTYLEDON1 (CUC1) and CUC2. CUC1 and CUC2 
are redundantly required for the formation of floral organ boundaries. They are 
expressed at the boundaries between floral organ primordia in the same whorls 
and also in between whorls (Takada et al., 2001). The functions of CUC1 and 
CUC2 appear to be suppressing the cell proliferation at boundaries (Nikovics 
et al., 2006; Peaucelle et al., 2007; Sieber et al., 2007). The cuc1 cuc2 double 
mutant produces flowers with defects in sepal and stamen separation (Aida et 
al., 1997). Overexpression of miR164 leads to the reduction of CUC1 and 
CUC2 transcripts, resulting in cuc1 cuc2–like flowers, with fused floral organs. 
This phenotype is rescued by expressing miR164-resistant CUC2 (Mallory et 
al., 2004). It has been reported that the early-arising flowers of a 
loss-of-function allele of MIR164c, named early extra petals 1 (eep1), 
produces extra petals, which is caused by the increased level of CUC1 and 
CUC2 (Baker et al., 2005). The increased number of petals may be due to the 
formation of extra boundaries. When combined with mir164a and mir164b 
mutants, the mir164a mir164b mir164c triple mutant exhibits a stronger 
phenotype, with increased number of sepals and petals, slightly fewer stamens 
and unfused carpels (Sieber et al., 2007). Although the product of the three 
members of miR164 family are very similar and are supposed to target the 
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same genes, there are still some differences in their expression patterns (Sieber 
et al., 2007). Interestingly, it was found that miR164s do not function to 
restrict the spatial expression pattern of CUC1 and CUC2, but just restrict 
their mRNA levels in the same domain. Actually expression of miR164 and 
CUC1/2 in flowers are not complementary but overlapping (Sieber et al., 
2007). This indicates that miR164s may function to homeostatic maintenance 
of proper expression levels of CUC genes. 
1.8.5 MicroRNAs Regulating Floral Organs Development 
In Arabidopsis, the flowers consist of four sepals (first whorl), four petals 
(second whorl), six stamens (third whorl) and two fused carpels (fourth whorl). 
Based on genetic studies of some floral organ identity mutants, the ABC 
model was introduced 22 years ago and predicts that floral organ identities are 
determined by the combinatorial action of ABC genes (Bowman et al., 1991; 
Coen and Meyerowitz, 1991). In this model, there are three classes of genes: A 
class including APETALA1 (AP1) and AP2, B class including APETALA3 
(AP3) and PISTILLATA (PI) and C class including AG. A class genes alone 
function in determine the sepal identity, and, in combination with B class 
genes, specify the petal identity. C class genes alone control the developmental 
program of carpels, and, together with B class genes, determine the stamen 




1.8.5.1 miR172 influences multiple floral organs via regulating AP2 
miR172 functions in floral organ identity determination via regulating the A 
class gene AP2. Overexpression of miR172 leads to ap2-2-like phenotype, 
whereas overexpression of miR172-resistant AP2 causes ag-like phenotype, 
which does not occurs in overexpression of natural AP2 (Chen, 2004). The 
finding of miR172 involved in floral organ development was first suggested 
by a mutagenesis screen using ag-4, which identifies HEN1 functioning in 
miRNA processing and maturation. Regulation of AP2 by miR172 is mainly 
via translation repression, since mRNA of AP2 expressed through the 4 whorls 
but AP2 protein only locate in the first 2 whorls (Aukerman and Sakai, 2003; 
Chen, 2004), although cleavage of AP2 mRNA by miR172 was also reported 
(Jung et al., 2007; Schwab et al., 2005). 
1.8.5.2 miR159 is necessary for development of gynoecium and stamens 
The miR159 family contains three members and target three MYB genes 
MYB33, MYB65, and MYB101 (Millar and Gubler, 2005). In flower 
development, MYB33 and MYB65 are expressed in developing anthers, 
pollen grains, and ovules, suggesting their functions in reproductive 
development (Gocal et al., 2001). Plants overexpressing miR159a produces 
flowers with stunted stamens and reduced fertility mutant (Achard et al., 2004; 
Allen et al., 2007). The miR159a miR159b double mutant displays reduced 
fertility, and seeds with irregular shapes, although single mutant of each does 
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not display any floral defects. Transgenic plant with miRNA-resistant version 
of MYB33 resembles the miR159a miR159b double mutant. The loss of 
MYB33 function partially suppresses the phenotype of miR159a miR159b 
double mutant. Furthermore, miR159a miR159b myb33 myb65 quadruple 
mutant can fully rescues the developmental defects of the miR159a miR159b 
double mutant (Achard et al., 2004; Allen et al., 2007). In addition, 
Overexpression of a miRNA-resistant version of MYB101 causes short petals, 
short stamens and partial sterility (Palatnik et al., 2007). Thus miR159 may 
functions to control the reproductive development via regulating the 
expression of MYB33 and MYB65. In anther development and pollen 
microsporogenesis, miR159 is regulated by gibberellin (GA) signaling 
(Achard et al., 2004).  
Another interesting finding is that based on sequence similarity, miR159 and 
miR319 are very close to each other, with 17 of the 21 nucleotides identical in 
the mature miRNAs (Palatnik et al., 2007). miR319 is able to target MYB 
genes in vitro, but in vivo this does not occur due to the limited expression 
level and domain of miR319. On the other hand, miR159 only targets the 
MYBs but not TCPs because of sequence complementarity (Palatnik et al., 
2007). 
1.8.5.3 miR319a regulates organ size and shape 
There are three members in the miR319 family. It has been shown that 
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miR319a to function in controlling shape and size of floral organs by 
regulating the expression of the five members of the TCP transcription factor 
family: TCP2, TCP3, TCP4, TCP10, TCP24 (Nag et al., 2009; Palatnik et al., 
2003). TCP proteins are proposed to repress cell growth and promote cell 
differentiation (Crawford et al., 2004; Efroni et al., 2008; Luo et al., 1999; Luo 
et al., 1996; Nath et al., 2003). In flower, activity of miR319a::GUS is 
detected from stages 4–11, with strongest expression in developing petals. 
Loss-of-function mutant miR319a leads to elevation of the levels of all the five 
TCPs, resulting in flowers with smaller petals and stamens than wild type 
(Nag et al., 2009). Among the five TCP factors, TCP4 appears to be the key 
target of miR319a, since a tcp4 allele, which contains a mutation in the 
miR319a binding site complementary to the miR319a mutation, can rescue the 
loss-of-function mutant of miR319 (Palatnik et al., 2007). 
1.8.5.4 miR167 controls development of ovules and anthers 
The miR167 family contains four members, which regulate the development 
of gynoecium and stamen by controlling two members of the auxin response 
factors (ARF): ARF6 and ARF8. In both the development of ovules and 
anthers, the expression patterns of miR167 and ARF6/ARF8 are mutually 
exclusive (Wu et al., 2006). The arf6 arf8 double mutant produces short 
stamen filaments, poorly growing pollen, short stigmatic papillae and leads to 
male and female sterility. This phenotype is phenocopied by overexpression of 
miR167 (Wu et al., 2006). In transgenic plants expressing miRNA-resistant 
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versions of ARF6 and ARF8, growth of ovule integuments is arrested, and 




Table 1 Summary of functions of miRNAs in flower development 
Some miRNAs have multiple functions during flower development, such as miR159 
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Materials and Methods 
Chapter 2 Materials and Methods 
51 
 
2.1 Plant materials and growth condition 
crc-1, knu-1, ap2-2, clv3-2, 35S::AG-GR ag-1, 35S::AP1-GR ap1-1 cal-1 and have 
been previously described (Bowman and Smyth, 1999; Bowman et al., 1991; Fletcher 
et al., 1999; Ito et al., 2004; Sun et al., 2009). trn2-1 was obtained from ABRC (ID: 
CS9551). ipt1-1, ipt3-2 and ipt5-2 were kindly provided by Dr. Kakimoto (Miyawaki 
et al., 2006). DR5rev::3xVENUS was kindly provided by E.M. Meyerowitz, (Heisler 
et al., 2005) and crossed with crc-1 knu-1/+. 35S::AP1-GR crc-1 knu-1 was obtained 
by crossing 35S::AP1-GR ap1-1 cal-1 with crc-1 knu-1/+. pCRC::CRC-Myc was 
transformed into crc-1 for functionality test and then crossed with 35S::AP1-GR 
ap1-1 cal-1 to obtain 35S::AP1-GR ap1-1 cal-1 pCRC::CRC-Myc. 35S::AP1-GR 
ap1-1 cal-1 was grown at 16°C and transferred to 22°C condition 1 day before 
experiment. All the remaining plants were grown at 22°C. All the plants were grown 
under 24 hour light. 
2.2 Plant transformation with Agrobacteria 
Agrobacterium tumefaciens (strain C58C1) was cultured in 300mL under 28°C 
overnight and centrifuged at 5000rpm for 10min to collect the cells. 500mL 
transforming solution with 2.2mg/L MS, 0.01% silwet, 30g/L sucrose was added to 
resuspend the cells. The inflorescences of plants were dipped in the transforming 




2.3 Maintenance of Arabidopsis thaliana T87 cell culture 
2.3.1 Growth condition 
T87 cells were cultured in JPL3 medium at 22°C under long day (16 hours light) 
condition. 
2.3.2 Transformation with Agrobacteria 
T87 cells on JPL3 agar medium were inoculated to 10mL liquid medium and cultured 
on rotary shaker at 100rpm for one week. Cells were collected by centrifuging at 
200rpm for 1min, resuspended with 10mL B5 liquid medium and cultured for 1 day.  
10μL Agrobacteria (OD600= 0.8) was added to the B5-cultured T87 cells and cultured 
for two days.  
T87 cells were washed with JPL3 (with 250μg/mL Carbenicillin) three times, 
resuspended with 2mL JPL3 and plated on JPL3 agar medium. It took about two 
weeks to see obvious colonies. 
2.4 Maintenance of Tobacco BY-2 cell culture 
2.4.1 Growth condition 
BY-2 cells were cultured in MS medium (4.4g/L MS salt mix, 30g/L sucrose, 0.2 g/L 
2, 4 -D) at 22°C under dark condition. 
2.4.2 Transformation with Agrobacteria 
BY-2 cells on MS agar medium were inoculated to 10mL liquid medium and cultured 
on rotary shaker at 100rpm for one week.  
53 
 
5mL of Agrobateria (OD600= 0.8) was washed with 5mL MS medium (with 
250μg/mL Carbenicillin) three times and resuspended with 5mL MS medium. 100μL 
of agrobacteria in MS was added to the 10mL BY-2 cells and cultured for about 36 
hours. 
BY-2 cells were washed with MS (with 250μg/mL Carbenicillin) four times, 
resuspended with 2mL MS and plated on MS agar medium. It took about two weeks 
to see the colonies. 
2.5 Maintenance of Arabidopsis thaliana MM2D cell culture 
2.5.1 Growth condition 
MM2D cells were cultured in MS medium (4.4g/L MS salt mix, 30g/L sucrose, 0.2 
g/L 2,4 -D) at 22°C under dark condition. 
2.5.2 Transformation with Agrobacteria 
MM2D cells on MS agar medium were inoculated to 10mL liquid medium and 
cultured on rotary shaker at 100rpm for one week.  
5 mLAgrobateria (OD600= 0.8) was washed with 5mL MS medium (with 250μg/mL 
Carbenicillin) three times and resuspended with 5mL MS medium. 100μL of 
agrobacteria in MS was added to the 10mL MM2D cells and cultured for about 36 
hours. 
MM2D cells were washed with MS (with 250μg/mL Carbenicillin) four times, 
resuspended with 2mL MS and plated on MS agar medium. It took about three weeks 
to see the colonies. 
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2.6 Construction of vectors for transgenic plants 
For pCRC::CRC-mGFP, pCRC::CRC-Myc and pCRC::CRC-GR construction, a 
genomic fragment covering the 3.5kb upstream of CRC translation start site and its 
coding region was amplified from genomic DNA of Arabidopsis Landsberg WT and 
cloned into the vector pGreen0311 (for mGFP)/pGreen0280 (for Myc and GR). 
35S::CRC and 35S::TRN2 were obtained by amplifying the CDS of CRC/TRN2 from 
cDNA obtained from the inflorescence of Arabidopsis Landsberg WT and 
incorporated into the vector pGreen0311. pCRC::TRN2 and pCRC::YUC4 were 
obtained by cloning the 3.5kb promoter of CRC and CDS of TRN2/YUC4 into the 
vector pGreen0311. For pTRN2::TRN2-GFP construction, a genomic fragment 
covering the 4.1kb upstream of TRN2 translation start site and its coding region was 
amplified from genomic DNA of Arabidopsis Landsberg WT and cloned into the 
vector pGreen0311. After cloning these fragments into pGreen vector, the whole 
functional fragments were transfer to the pENTR 1002 entry vector for LR reaction. 
pBGW/pKGW were used as destination vector for LR reaction. 
2.7 Chromatin immunoprecipitation 
To test AG’s binding on the CRC promoter, inflorescence of 35S::AP1-GR ap1-1 
cal-1 was treated with 1μM DEX and collected at Day0, Day0.5 and Day2. AG 
antibody was used as reported (Ito et al., 1997). For CRC’s binding on TRN2/YUC4 
promoter, inflorescence of 35S::AP1-GR ap1-1 cal-1 pCRC::CRC-Myc was treated 




Each sample was ground and mixed with 900μL M1 buffer which contains 1% 
formaldehyde for 10min at 4°C. 57.6μL 2mol/L glycine was added and the mixture 
was incubated for 5min at 4°C and filtered through miracloth. In the next step, the 
mixture was centrifuged at 14000rpm for 1min and the green pellet was washed 
three-five times with M2 buffer and once with M3 buffer. The pellet was suspended 
with 204μL SDS mixture (200μL SDS, 2μL Leu/Apo, 2μL PMSF) and incubated for 
10min on ice. 800μL ChIP dilution buffer was added to make total volume to be 1mL 
and sonicated for 20min (0.5min on, 2min off). After centrifuged at 14000rpm, 4°C 
for 10min, the supernatant (1mL) was collected and added with 1mL ChIP dilution 
buffer. 50μL Protein-A beads was added to the 2mL mixture and incubate on shaker at 
4°C for 2-3 hours. After incubation the sample was centrifuged at 2500rpm for 3min. 
The 2mL supernatant was collected and splitted into three tubes: 300μL as input, 
750μL for antibody, 750μL for IgG. 5μL antibody/IgG were added to the 
corresponding tubes, together with 14μL Leu/Apo & 14μL PMSF and incubated on 
shaker at 4°C overnight.  
70μL Protein-A beads was added and incubated on shaker at 4°C for 1 hour. After 
incubation the sample was centrifuged at 2800rpm, 4°C, 10 second and the 
supernatant was discarded. The beads were washed with 300μL low salt buffer, high 
salt buffer, LiCl buffer and 1xTE buffer respectively (mix by pipetting gently each 
time and incubate for 2min). 250 elution buffer was added to the beads and incubated 
in rotor at 65°C for 10min, following by centrifuging at 2800rpm for 10 second and 
Collect the supernatant. 28.05μL reaction mix (11μL 5M NaCl, 11μL 1M Tris-HCl 
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pH8.0, 5.5μL 0.5M EDTA, 0.55μL 20μg/μL proteinase K) was added and incubated at 
42°C for 2 hours and 65°C for 6 hours. The eluted DNA was purified with Fermentas 
PCR purification kit. 
The purified DNA was used as template for qPCR with primers targeting multiple 
regions in the promoter. 
2.8 Whole-mount preparation 
The inflorescence was fixed for 1-4 hours in ethanol/acetic acid (6:1) at room 
temperature, followed by three times of washes in 100% EtOH and one wash in 70% 
EtOH. Next, the samples were mounted in chloral hydrate/glycerol/water (8:1:2) and 
cleared for about 1 hour at room temperature. 
2.9 Extract of plant genomic DNA  
Plant tissue was ground in tube and mixed with 500µL 2x CTAB buffer. The mixture 
was incubated at 65°C for 30min, after which 500µL chloroform was added, mixed 
and the mixtures was centrifuged at 9000 rpm for 5min to separate the chloroform 
layer and water layer. The upper water layer (~450µL) was transferred to a new tube, 
mixed with 2/3 volume of isopropanol (300µL) and incubated at room temperature for 
15min to precipitate the DNA. The mixture was centrifuged at 14,000 rpm for 5min 
and the pellet was washed with 70% EtOH. 50µL TE-RNaseA (20 µg/ml) was added 
to elute the DNA. 
2.10 GUS staining 
Samples were collected and submerged in cold 90% acetone on ice for 20 minutes. 
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Acetone was removed and samples were washed twice with rinse solution. After 
washing, samples were submerged with staining solution, placed in vacuum cabinet 
for thorough infiltration of staining solution and incubated at 37°C overnight (8 hours 
to 24 hours55). Staining solution was removed and samples were washed with 15%, 
35% and 50% ethanol at room temperature, for 15 minutes each, after which samples 
were added with FAA fixing solution and incubated at room temperature overnight. 
Before viewing, FAA fixing solution was removed and samples were incubated in a 
90% Ethanol 10% acetic acid solution for 1 hour. For observation on microscope 
slides, samples were covered with clearing solution. 
2.11 In situ hybridization 
2.11.1 Probe synthesis 
5μg of plasmid containing the probe sequence was digested and purified. DIG RNA 
Labeling kit (Roche) was used to synthesize the probe. After the synthesis, same 
volume of 2 x CO3 was added and incubated at 60°C to chop up the probe into pieces. 
The incubation time was calculated following this formula: Time = (Li - Lf)/(0.11 * Li 
* Lf), (Li: initial length of probe (kb), Lf: final length of probe (kb)). After incubation, 
the probe was purified as follows: Neutralized with 5% volume of 10% Acetic acid; 
precipitated with 1/10 volume of 3M NaAc(pH5.2), 2.5 volumes of 100% EtOH and 1% 
volume of 10 mg/mL tRNA; incubated at -20 °C for 1hr; rinsed with 70% EtOH; 




The inflorescence was fixed in fixative solution (1xPBS, 4% DMSO, 0.1% Triton 
X-100, 4% PFA) and kept under vacuum until tissue sink. The samples were 
incubated at 4°C overnight.  
2.11.3 Dehydration 
At 4°C, samples were washed in PBS for 30min, followed by 30%, 40%, 50%, 60%, 
70%, 85% EtOH for 1 hour each, and finally washed in 95% EtOH + 0.1% Eosin 
overnight. 
2.11.4 Staining 
At room temperature, samples were washed in 100% EtOH + 0.1% Eosin for 45 min, 
three times and in 100% EtOH for 1 hour, followed by 25%, 50%, 75% histo-clear 
(dissolved in EtOH) for 30min each. Then samples were washed in 100% histo-clear 
for 1 hour, three times and finally washed in 100% histo-clear + wax overnight. 
2.10.5 Embedding 
The samples in histo-clear/paraplast were incubated at 42°C for 3 hours. Then the 
histo-clear/wax was replaced with freshly melted wax and incubated at 55°C 
overnight. 
Wax was replaced three times a day, for three days, after which the samples embeded 
in wax were arranged and cooled down. 
Samples in wax were cut into ribbons (8µM) using Leica RM2165 microtome, selected 
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and placed on ProbeOn Plus Slides. A few drops of water was added and slides were 
placed on 42°C slide warmer for 10min to unroll the ribbon. Water was removed with 
tissue paper and the slide was placed on 42°C slide warmer overnight for drying. 
2.11.6 In situ pre-treatment 
Slides were placed in a glass container and washed in histo-clear for 10min twice for 
deparaffinization. Rehydration was carried out by washing the slides in 100% EtOH 
for 2min twice, 95% EtOH for 2min, 90% EtOH 2min, 80% EtOH 2min, 60% EtOH 
2min, 30% EtOH 2min. After rehydration, the samples were incubated with 15-20 
with 2 X SSC at room temperature for 20min, followed by incubation with 1µg/mL of 
proteinase K in 100mM Tris 8, 50 mM EDTA at 37°C for 30min. To stop the reaction, 
samples were incubated with 2mg/mL glycine in PBS for at room temperature for 
2min and washed in 1 x PBS for 2min twice. Samples were then fixed in 4%(W/V) 
paraformaldehyde in PBS for 10min and washed in 1 x PBS for 5min twice. After 
fixation, samples were washed with 0.1 M Triethanolamine + 0.5% Acetic Anhydride 
(made freshly) for 10 min and washed in 1 x PBS for 5min twice. The dehydration 
was carried out by washing the slides in 30% EtOH for 30s, 60% EtOH for 30s, 80% 
EtOH for 30s, 90% EtOH for 30s, 95% EtOH for 30s and 100% EtOH for 30s twice. 
Slides were fully dry before hybridization. 
2.11.7 In situ hybridization 
For each pair of slides, ~150ng probes were diluted to 50µL with 50% formamide and 
denatured by incubating at 80°C for 2min. Before hybridization, the probes (in 50µL 
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50% formamide) were mixed with 200µL hybridization buffer (1.25x in situ salt, 50% 
formamide, 12.5% dextran sulfate, 1.25x Denhardts solution, 0.125µg/µL tRNA) 
without generating bubbles. So the final 250µL probe solution would contain 150ng 
probe, 1 x in situ salt, 50% formamide, 10% dextran sulfate, 1 x Denhardts solution, 
0.1µg/µL tRNA. The 250µL probe solution was loaded to slides and sandwiched 
without generating bubbles. All the slides pairs were placed in a container with wet 
tissue at the bottom to maintain the humidity. The container was sealed tightly and 
incubated at 55°C overnight. 
2.11.8 In situ post-hybridization  
Each pair of slides was dipped and separated in prewarmed 0.2X SSC. Three times of 
washes with 0.2X SSC at 55°C for 1 hour each were performed in an oven equipped 
with a shaker to remove the unbound probe. Slides were then washed with 1 x PBS 
for 5min, followed by 45min wash with 1% Boehringer block (made freshly) in 100 
mM Tris pH 7.5, 150 mM NaCl. After blocking, the slides were washed with 
BSA/Tris/NaCl/Triton solution (1.0% BSA in 100 mM Tris pH 7.5, 150 mM NaCl, 
0.3% Triton X-100) for 45 min. 
Anti-dig antibody (Roche) was diluted 1:500 in the BSA/Tris/NaCl/Triton solution 
and loaded in a plastic dish before use. Two slides were sandwiched together face to 
face to allow capillary action to pull up the anti-dig solution, then drained on 
Kimwipes. Anti-dig solution was pulled up again and the slides were elevated above 
wet tissue papers in a sealed plastic container at room temperature for 2 hours. 
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After incubation, the slides were drained on Kimwipes and separated in 
BSA/Tris/NaCl/Triton solution, followed by four times of washes with 
BSA/Tris/NaCl/Triton solution for 15min each. After washing, slides were washed 
with Tris pH9.5/NaCl/MgCl2 (100 mM Tris pH9.5, 100 mM NaCl, 50 mM MgCl2) for 
10min to remove the detergent. 250µL 2% NBT/BCIP in Tris 
pH9.5/NaCl/MgCl2/PVA (10%(W/V)  polyvinyl alcohol in Tris pH 9.5/NaCl/MgCl2) 
was loaded to slides and sandwiched without generating bubbles. Slides were placed 
in plastic container above wet tissue papers in a sealed plastic container and incubated 
in total darkness at room temperature for ~24 hours. 
2.11.9 Stop reaction and wash: 
Slides were drained and separated in tap water for 2min five times, followed by wash 
in 70% EtOH for 10 s and two washes in 100% EtOH for 10 second each. At last, the 
slides were fully dried and mounted with 50 µL 50% glycerol for observation. 
2.12 Western blot 
2.12.1 SDS-PAGE 
Protein samples were added with SDS Loading Buffer and denatured by heating at 
95˚C for 5min. After cooling down on ice, protein samples were loaded to Running 
Gel and run at 90V until the dye reach the bottom of stacking gel. Then the voltage 
was changed to 130V and run for 60min. 
2.12.2 Wet Electroblotting (ElectroTransfer)  
Gel was removed from electrophoresis unit and equilibrated in cold Transfer Buffer 
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for 10min. The transfer stack was set up in the following order: (Anode) Blotting 
paper (Sponge + Filter Paper), PVDF membrane (pre-wetted in methanol), protein gel, 
blotting paper (Cathode). Bubbles were removed. The stack was placed in 
electrophoresis unit and run at 120V for 1 hour in cold room. 
2.12.3 Detection of Bands 
After electro-blotting, membrane was washed with PBST for 10min, blocked with 5% 
milk in PBST for 1.5hr (or overnight in cold room) and probed with primary antibody 
for 1 hour (or overnight in cold room). Three times of washing by agitating in PBST 
for 10min each were performed to remove excess primary antibody, after which 
membrane was probed with secondary antibody for 1 hour and washed with PBST for 
10min three times. 
2.12.4 Visualisation by Enhanced Chemiluminescence (ECL) 
ECL Working Solution was prepared by mixing two substrate components (Stable 
Peroxide Solution and Luminol/Enhancer Solution) at a 1:1 ratio. Membrane was put 
on film cassette with protein side facing up. Working solution was loaded onto 
membrane. The membrane was covered with a clear plastic sheet and the working 
solution was spread across membrane. The membrane was incubated for 5min and 
exposed to X-ray film for 1min (may be longer according to strength of signal) in 
dark room. X-ray film was fed into film developing machine. 
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2.13 Immunostaining of auxin in leaf/BY-2 protoplast 
2.13.1 Preparation of protoplast 
A few droplets of 400mM Mannitol were dropped on the leaves to protect the cells. 
Tip and petiole of the leaves were removed. Leaves were cut into strips for better 
digestion. To digest the cell wall, the leave strips (or 500μL BY-2 cells) were put into 
3mL enzyme solution and incubated at room temperature for 3 hours with gentle 
shaking. After incubation, cells are filtered with a 35 µm -70 µm nylon mesh filter. 
3mL pre-chilled W5 buffer was added and centrifuged at 100g for 1min (acceleration 
set to 3) to collect the cells. 
2.13.2 Fixation on slide 
Cells were washed once, resuspended with cold W5 buffer and incubated for 30min 
on ice. After incubation, cells were centrifuged at 100g for 1min and resuspended 
with 300µL W6 buffer. A circle was drawn on the ProbeOn glass slides with PAP pen. 
The 300µL of cell suspension was dropped in the circle and incubated for 1 hour to 
allow cells to adhere to the slide. The W6 buffer was carefully removed and the cells 
was fixed with fixing solution (4% formaldehyde in W6 solution) and incubated for 1 
hour at room temperature. 
2.13.3 Immunostaining 
Three times of washes with 300µL of TSW buffer for 10min each were performed to 
permeabilize the cells, followed by incubation with primary antibody (anti-auxin) 
diluted in 300 µL TSW buffer at 4°C for 16 hours in a moist chamber (or at room 
temperature for 1 hour). Three times of washes with 300µL TSW buffer for 10min 
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each were performed to remove the unbound antibody, followed by incubation with 
secondary antibody diluted in 300 µL TSW buffer at room temperature for 3 hour. 
Another three times of washes with 300µL TSW buffer for 10min each were 
performed to remove the unbound secondary antibody. Samples were mounted with 




2.15 Formulas for solutions/medium used in this study 
(1) JPL3 (1L) 
 JPL A     30mL 
 JPL B     0.3mL 
 JPL C     2mL 
 JPL D     10mL 
 JPL P     1mL 
 JPL VT     1mL 
 Casein hydrolysate  0.1g 
 Sucrose     15g 
 1mM NAA    1mL 
 Top up to 1L with water and adjust pH to 5.7 with KOH/HCl 
(2) JPL A (1L) 
 KNO3     65.5g 
CaCl2·2H2O    4.4g 
MgSO4·7H2O   3.7g 
KH2PO4    1.7g 
(3) JPL B (1L) 
 H3BO3     6.2g 
 MnSO4·4H2O   22.3g 
 ZnSO4·7H2O   10.6g 
 KI      0.83g 
 NaMoO4·2H2O   0.25g 
 CoCl2·6H2O    0.025g 
 CuSO4·5H2O   0.025g 
(4) JPL C (1L) 
 FeSO4·7H2O   2.78g 
 Na2-EDTA    3.73g 
(5) JPL D (1L) 
 myo-Inositol    10g 
 Glycine     0.2g 
(6) JPL P (100mL) 
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200mM KH2PO4  19.5mL 
200mM Na2HPO4  30.5mL 
H2O     50mL 
(7) JPL VT (100mL) 
 Nicotinic acid   50mg 
 Pyridoxine·HCl   50mg 
 Thiamine·HCl   40mg 
(8) B5 medium     mg/L 
CoCl2·6H2O    0.025 
CuSO4·5H2O   0.025 
FeNa-EDTA    36.70 
H3BO3     3.00 
KI      0.75 
MnSO4·4H2O   10.00 
NaMoO4·2H2O   0.25 
ZnSO4·7H2O   2.00 
CaCl2     113.23 
KNO3     2500.00 
MgSO4     121.56 
NaH2PO4    130.44 
(NH4)2SO4    134.00 
(9) M1 buffer (50mL) 
5M NaCl    1mL 
100% β-me    35μL 
100% hexylene glycol 6.388mL 
0.5M Na2HPO4   0.684mL 
0.5M NaH2PO4   0.316mL 
Leu/Apo    500μL 
PMSF     500μL 
(10) M2 buffer (50mL) 
5M NaCl    1mL 
1M MgCl2    0.5mL 
100% Triton    0.25mL 
100% β-me    35μL 
100% hexylene glycol 6.388mL 
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0.5M Na2HPO4   0.684mL 
0.5M NaH2PO4   0.316mL 
Leu/Apo    500μL 
PMSF     500μL 
(11) M3 buffer (50mL) 
5M NaCl    1mL 
100% β-me    35μL 
0.5M Na2HPO4   0.684mL 
0.5M NaH2PO4   0.316mL 
Leu/Apo    500μL 
PMSF     500μL 
(12) 2x CTAB (50mL) 
CTAB     1.5g 
1M Tris pH 8   5 mL 
0.5M EDTA    2 mL 
5M NaCl    14 mL 
(13) Rinse solution (100mL) 
 500mM Na2HPO4  6.84mL 
 500mM NaH2PO4  3.16mL 
 100mM K3Fe(CN)6  500μL 
 100mM K4Fe(CN)6  500μL 
(14) Staining solution 
 500mM Na2HPO4  6.84mL 
 500mM NaH2PO4  3.16mL 
 100mM K3Fe(CN)6  500μL 
 100mM K4Fe(CN)6  500μL 
 100mM X-Gluc   2mL 
(15) 2x CO3 buffer 
 Na2CO3     120mM 
 NaHCO3    80mM 
(16) W5 buffer 
 NaCl     154mM 
 CaCl2     125mM 
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 KCl      5mM 
 Glucose     5mM 
 MES-KOH    1.5mM 
 Adjust pH to 5.6 with HCl/KOH 
(17) W6 buffer 
 HEPES     10mM 
 NaCl     154mM 
 CaCl2     125mM  
 Maltose     2.5mM 
 KCl      5mM 
(18) TSW buffer 
 Tris-HCl pH7.4   10mM 
 NaCl     0.9% (w/v) 
 Gelatin     0.25% (w/v) 
 SDS     0.02% (w/v) 
 Triton X-100   0.1% (w/v) 
(19) Enzyme solution 
 Macerozyme R-10  0.25% (w/v) 
 Cellulase R-10   1.0% (w/v) 
 Mannitol    400mM 
 CaCl2     8mM 
 MES-KOH     5mM 






























2.16 Primers used in this study 





































Table 3 Primers for genotyping 
 
Mutant Sequence Remark 
   





   





   




   




   




   




   




   




   






































































































































































Meristems regulation by the floral homeotic 
protein APETALA1 in Arabidopsis 
Chapter 3 Meristem regulation by floral 




As a key regulator of Arabidopsis flower development, APETALA1 (AP1) has been 
shown to function in floral organ identity and floral transition. In the ap1-1 flower, 
first-whorl organs become bracts instead of sepals due to the loss of A functions; 
additional flowers arise from the second whorl where petals are produced in WT. 
Partial conversion of floral meristems identity into inflorescence meristems has been 
accepted to explain the production of additional flowers. However, it fails to well 
explain the over-proliferation of meristematic tissues. Here we show that AP1 
negatively regulates the expression of cytokinin biosynthesis gene IPT3, which may 
be responsible for the altered meristem in ap1-1. Furthermore, our results indicate that 
AP1 activates IPT1 and IPT3 before floral transition, suggesting a bi-functional role 
of AP1 in cytokinin regulation. 
3.2 Result 
3.2.1 AP1 is expressed unexpectedly early in plant development  
To dissect the function of AP1, we first monitored the expression of AP1 from Day8 
to Day15 after germination. As can be seen, expression of AP1 initiates in Day 10 and 
elevates gradually in Landsberg erecta (Ler) WT (Figure 8). Interestingly, expression 
of AP1 is lower in ap1-1 than in WT, suggesting a positive feedback loop either 





Figure 8 Expression window of AP1 in seedling 
(A) Expression of AP1 dramatically increases at ~ Day12. Because of self-feedback 
regulation, expression of AP1 is reduced in ap1-1. (B) Magnification of Day8 – 
Day10 in (A). Expression of AP1 initiates at Day10. DFG, Day after germination. 




3.2.2 Functional timing of AP1 
Since the reported function of AP1 in early stage is to determine and promote the 
floral primordia, the next question is whether Day 10 is the time when the first floral 
primordia initiate. To answer this question, we examined the earliest time point when 
AP1 starts to function using the pAP1::AP1-GR ap1-1 cal-5 synchronized system 
(Sun et al., 2009), in which all the floral primordia were arrested at stage 1-2, 
allowing us to monitor the expression of target genes at any stages. Continuous 
(everyday) DEX treatments starting from Day 9 to Day 15 were performed to check 
the level of rescue. When continuous treatment was started earlier or on Day 12, the 
inflorescence was fully rescued to WT (Figure 9A, B). If continuous treatment were 
started from Day13 or later, the inflorescence was only partially rescued (Figure 9C, 
D). This result suggests that the function of AP1 on and after Day12 is required for 
the normal development of floral primordia. To confirm this hypothesis, a similar 
experiment with one-time treatment was performed. When treatment started on or 
after Day12, a few flowers were observed from the cauliflower (Figure 9F, G, H). If 
treatment started earlier than Day12, no flowers were observed (Figure 9E), 
suggesting that AP1 expression earlier than Day12 has no effect on the development 




Figure 9 Function timing of AP1 in 35S::AP1-GR ap1-1 cal-1 
(A - D) Continuous treatment, started at Day11 (A), Day12 (B), Day13 (C), Day14 (D),  




3.2.3 AP1 is detected in vegetative leaves 
Since expression of AP1 was detected before Day 12, to understand the biological role 
of this early expression, we examined the expression pattern of AP1 during the earlier 
stage using pAP1::GUS in the Columbia (Col) background. Surprisingly, expression 
of AP1 was detected in the leaf primordia as early as Day9 (Figure 10B). Expression 
of AP1 in floral primordia was detected as early as Day14 (Figure 10F) (Not Day 12, 
but reasonable due to the different flowering time between Col and Ler), when the 
first floral primordia initiates. To confirm the expression of AP1 in leaf primordia, in 
situ hybridization was performed. Signal of AP1 mRNA was detected in the leaf 




Figure 10 Expression pattern of AP1 before floral transition 
Signals of pAP1::GUS at Day8 (A), Day9 (B), Day10 (C); signal of AP1 mRNA at Day9 (D) Signals of pAP1::GUS at Day13 (E), Day14 (F), Day15 (G). 




3.2.4 AP1 induces IPT1 and IPT3 in seedling stage. 
Previous studies have shown that during the floral transition, CK was synthesized in 
leaves and transferred to the SAM (Corbesier et al., 2003; Jacqmard et al., 2002). To 
check whether the function of AP1 in the leaf primordia is related to CK, we tested 
the expression window of some CK-related genes including IPTs, LOGs and ARRs. 
IPT1 and IPT3 showed AP1-dependent expression pattern. In the WT seedling, 
expression of IPT1 gradually increases from Day 10 to Day 15 (Figure 11A). 
Furthermore, expression of IPT1 and IPT3 are lower in ap1-1 than in WT (Figure 11A, 
C). To further confirm this result, we utilized the pAP1::AP1-GR ap1-1 cal-5 
inducible system. When activity of AP1 was induced, elevation of mRNA level of 
IPT1 and IPT3 were detected (Figure 11B, D). To check the phenotypic effect of the 
regulation of CK levels by AP1, we compared the size of leaves in WT and ap1-1 of 
the same stage. Intriguingly, the leaves in ap1-1 appear smaller than in WT (Figure 





Figure 11 Induction of IPT1 and IPT3 by AP1 
Expression of IPT1 (A) and IPT3 (C) from Day10 to Day15 in WT and ap1-1. 
(B) Induction of IPT1 at 4 hour after DEX treatment in pAP1::AP1-GR ap1-1 cal-5. (D) 
Induction of IPT3 after DEX treatment. DAG, day after germination (E) Plants of WT (four 
ports on the left side) and ap1-1 (four pots on the right side) at 20days after germination. 




3.2.5 CK is responsible for the phenotype of ap1-1 flower 
Although AP1 has been studied for more than twenty years, the mechanism for the 
arising of additional flowers from the second whorl of ap1-1 remains unclear. Since 
more flowers required more meristems, next we checked whether the meristem 
promoter CK is involved in this pathway. The inflorescence of WT plant was treated 
with 1mM CK once to see the effect of CK on flowers. As expected, flowers with 
additional flowers arising from the second whorl was observed (Figure 12C). To 
check whether how AP1 affects CK in flowers, expression analysis was performed 
using 35S::AP1-GR ap1-1 cal-1. As expected, expression of IPT3 was 
down-regulated after the induction of AP1 (Figure 12A). These results suggested that 
AP1 prevents the over-proliferation of floral meristems by suppressing the level of 
CK. To further test this hypothesis, we crossed ap1-1 with several ipt mutants 
including ipt1, ipt3, ipt5 and ipt7. Although the phenotype of ap1-1 was not rescued 
in ap1-1 ipt3-2, full suppression of the additional flowers was observed in ap1-1 
ipt5-2 (Figure 12B, D). But expression of IPT5 is not affected by AP1 (data not 
shown). One possible explanation is that IPT5 could be the main contributor of CK 
here. When IPT5 is removed, the over-proliferation of meristems is suppressed. The 
IPT family consists of nine members functioning redundantly. Negative feedback 
regulation of CK level via regulating IPTs has been reported (Miyawaki et al., 2004). 






Figure 12 AP1 regulates the level of CK in floral meristems 
(A) Repression of IPT3 after induction of AP1 (B) ap1-1 flower with two axillary flowers (C) 
A flower with two axillary flowers inside in CK treated plant (D) Flowers of ap1-1 ipt5-2, 





A role of AP1 in regulating CK level has been reported recently. LOG1 and CKX3 are 
regulated by AP1 to inhibit the formation of axillary secondary flower (Han et al., 
2014). In this project, we also dissected the function of AP1 in the regulation of CK 
and its biological meaning. We detected remarkable expression of AP1 in leaves 
during vegetative stage, which is not reported before. In addition, we found that this 
early expression of AP1 functions to induce two CK biosynthesis genes IPT1 and 
IPT3, which could be responsible for the elevation of CK level during the floral 
transition in leaves. Consistent with the down-regulation of CK in ap1-1, the size of 
leaves in ap1-1 appear smaller than in WT. These results suggest a new function of 
AP1 in controlling the size of leaves by regulation of CK biosynthesis genes in the 
vegetative phase. 
In the reproductive phase, AP1 appears to repress IPT3, which redundantly prevents 
over-proliferation of floral meristems. We found that the additional flowers arising 
from the petals of ap1-1 flowers were at least partially caused by the elevated level of 
CK in ap1-1. Treatment with CK leads to the formation of ap1-1-like flowers and 
reduction of CK by introducing the ipt5-2 mutation suppresses the growth of addition 
flowers. 
In sum, AP1 functions as an activator of IPT1 and IPT3 during the vegetative phase 
and as a repressor of IPT3 during the reproductive phase. Such bifunctionality could 














Carpel development and stem cell 
regulation by CRABS CLAW in Arabidopsis 
Chapter 4 Carpel development and stem cell 




During the life cycle of plants, the reproductive stage is one of the most complicated 
processes and plays a key role in reproduction and crop yield. Appropriate 
development of reproductive organs requires precise spatiotemporal regulation of 
multiple genes. Initiation of the carpel primordia is marked by the termination of 
floral stem cells. Although genetic evidences have suggested that the YABBY gene 
CRC regulates the development of carpels, as well as the floral meristem determinacy 
as a target of AG, the underlying mechanism remains unclear. Here we show that the 
tetraspanin-encoding gene TRN2 and the auxin biosynthesis gene YUC4 act as 
downstream targets of CRC. We found that CRC represses TRN2 and activates YUC4. 
Further we show that TRN2 is involved in auxin transport. These two pathways 
together contribute to the establishment of auxin gradient in carpels, which accounts 
for the development of style and carpel fusion, as well as the floral stem cell 
termination. This study shows that the CRC regulates carpel development and floral 
meristems determinacy through the control of auxin biosynthesis and signaling. 
4.2 Result 
4.2.1 Expression pattern of CRC 
In situ hybridization using Landsberg wild type indicates that CRC transcripts 
accumulate in carpels and nectaries. In carpels, expression of CRC commences at 
stage 6 and is restricted to abaxial side in later stages (Figure 13A, B). To examine 
whether this pattern could reflect protein localization, a genomic fragment covering 
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the 3.5kb promoter of CRC and its coding region was cloned and fused with GFP 
reporter. After confirming this fusion protein is able to fully rescue the crc-1 flowers 
to WT (Figure 13C), the transgenic plants were observed under confocal microscope. 
The earliest stage when GFP signal is observable is stage 6 (Figure 13D), which 
corresponds to the mRNA pattern. In addition, no CRC expression was detected in the 






Figure 13 Expression pattern of CRC in flower 
(A) Stage 6 flower (B) Stage 7 flower (C) Carpels of pCRC::CRC-GFP crc-1 (D) 
Inflorescence of pCRC::CRC-GFP crc-1. Arrow indicates a late stage 6 flower with weak 




4.2.2 Upstream of CRC 
4.2.2.1 AG directly activates CRC 
It has been suggested that AG could be an activator of CRC. Expression of CRC is not 
detected in ag-1 (Bowman and Smyth, 1999), EMSA assay and ChIP-seq indicated 
that AG binds to the promoter of CRC (DS et al., 2013; Gomez-Mena et al., 2005). To 
examine whether the activation of CRC by AG is direct or indirect, an established 
ag-1 35S::AG-GR inducible system was used (Ito et al., 2004). After induction of AG 
activity, level of CRC mRNA rapidly increased at 3 hour (Figure 14C), suggesting a 
direct activation of CRC by AG. To further confirm this result, a similar experiment 
was carried out with additional treatment of protein synthesis inhibitor cycloheximide 
(Cyc). Similar rapid induction was detected, indicating that AG activates CRC directly 
(Figure 14D). 
To examine the binding pattern of AG on the CRC promoter, ChIP assay was 
conducted using the synchronized floral induction system ap1-1 cal-1 35S::AP1-GR. 
Eight primer sets covering around 4kb upstream of the translation start site including 
one perfect CArG box were designed (Figure 14A). At day2 after DEX induction, a 
remarkable binding enrichment is detected on the CArG-box containing region 






Figure 14 AG directly activates CRC 
(A) Promoter of CRC, with a perfect CArG box at position -2786 (B) ChIP result of AG 
binding on the CRC promoter, A pair of primers covering the promoter of ACTIN was used as 
control for calibration (B, C) CRC expression analysis in 35S::AG-GR ag-1. With (D) and 




4.2.2.2 Two days delay from AG to CRC 
According to the results of expression analysis and ChIP, AG appears to be a direct 
activator of CRC. However, in WT flower, expression of AG commences at stage 3, 
whereas expression of CRC initiates at stage 6. The time length between stage 3 and 
stage 6 is two days. To study the mechanism of this delayed induction, two 
hypotheses were proposed: 
1. AG dosage dependence: it takes 2 day to accumulate enough amount of 
AG. 
2. Other factor(s) X, expression of which decreases at stage 6, is necessary 
for the repression of CRC before stage 6. 
To test the first hypothesis, we first examined the expression window of AG and CRC 
during flower development using 35S::AP1-GR ap1-1 cal-1, which allows us to 
monitor the expression of genes of interest at any stages. After the induction of AP1, 
expression of AG is elevated rapidly and a stable increasing speed is maintained 
(Figure 15A). In contrast, level of CRC transcripts does not increase until day2, the 
time point that corresponds to stage 6 (Sun et al., 2009) (Figure 15B). At 12 hours 
after induction, AG is already activated (Figure 15C), whereas expression of CRC 
remains low (Figure 15D). On the other hand, binding of AG to the CRC promoter at 





Figure 15 Delayed activation of CRC by AG 
Expression window of AG (A, C) and CRC (B, D) in 35S::AP1-GR ap1-1 cal-1. CRC is 




According to the dosage-dependent hypothesis, it should take two days to accumulate 
enough amount of AG for the activation of CRC. In 35S::AG-GR ag-1, due to the 
strong promoter activity of 35S, level of AG is already high enough. 
Furthermore, requirement of dosage may be due to competitive binding. As a key 
regulator of flower development, AG controls the expression of thousands of genes 
(Gomez-Mena et al., 2005), thus it is reasonable that AG could bind to thousands of 
loci in the genome. Their binding affinities with AG could be different, thus the genes 
with higher binding affinity to AG could be induced earlier. To test this hypothesis, 
we compared the binding affinities of AG to CRC and AP3, another reported target of 
AG (DS et al., 2013). Expression of AP3 was shown to commence at stage 3 in WT 
(Jack et al., 1992). The binding enrichment (compared with ACTIN) on CRC 
promoter is ~7 fold, whereas on AP3 promoter ~21 fold enrichment was detected 
(Figure 16B). These results seem to be well explained by the dosage-dependent 
hypothesis. However, it is possible that such enrichment is due to the number of 
positive cells in the ChIP samples, since expression domain of AP3 is much wider 
than CRC. To further test this, we examined the expression of CRC in ap2-2, in which 
AG is ectopically expressed as early as late stage 2 and the expression level is much 
higher than in WT (Drews et al., 1991). The initial expression of CRC was detected in 
the first-whorl carpel primordia at stage 2 (Figure 16C), indicating that the amount of 
AG is high enough to activate CRC. However, the expression of CRC in the fourth 
whorl is not detected until stage 6 (Figure 16D). These results indicate that the 
dosage-dependent hypothesis may not be true and that something is preventing the 
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precocious expression of CRC. 
4.2.2.3 CLV3 is the predominant repressor of CRC 
In ap2-2, the fourth whorl remains to be FM until stage 6, suggesting that there might 
be a possible factor produced in FM, functioning to repress CRC, which is our second 
hypothesis. 
Unpublished work from our lab member Sun Bo suggests that CLV3, which is 
expressed in stem cells, functions as a repressor of many differentiation genes, 
including CRC. It has been shown that FM is terminated at stage 6, therefore 
expression of CLV3 should also be terminated at stage 6, suggesting that CLV3 could 
be the factor “X” in the hypothesis. To test this, we examined the expression of CRC 
in clv3-2 by in situ hybridization. At stage 4, signal of CRC mRNA was detected at 
the abaxial region of the fourth whorl (Figure 16E). 
In conclusion, AG activates CRC by directly binding to its promoter, whereas CLV3 
functions as a predominant repressor of CRC. Activation of CRC by AG occurs after 
CLV3 (stem cell) is gone. This model implies that stem cells have an activity to 







Figure 16 Analysis of AG binding and the precocious expression of CRC 
(A) Binding of AG on CRC promoter at 12 hour in 35S::AP1-GR ap1-1 cal-1 (B) Comparison 
of AG binding affinity to CRC and AP3 (C-E) Expression of CRC in (C) stage 2 flower of WT, 




4.2.3 Function of CRC in carpel development 
4.2.3.1 Phenotypic analysis 
To dissect the function of CRC, we first analyzed its mutant phenotype. In crc-1, the 
tissue of style is reduced, leading to two unfused carpels. The gynoecium becomes 
wider and shorter (Figure 17A). To further examine the effect of crc on carpels, we 
introduced a 35S::CRC into crc-1. Five of 40 T1 plants showed severe carpel 
deficiency. The gynoecium became much thinner than WT, whereas style and stigma 
were enlarged (Figure 17B), the phenotype of which is opposite to that of crc-1. 
4.2.3.2 Auxin is responsible for the effect of CRC on carpels 
It has been reported that auxin accumulation at the apex of carpels is necessary for the 
development of styles (Nemhauser et al., 2000). To check whether the functions of 
CRC is mediated by auxin, we first examined the effect of auxin-related chemicals on 
the carpels of crc-1. The carpels of crc-1 were treated with synthetic auxin NAA, 
auxin signaling inhibitor PCIB, auxin efflux inhibitor NPA and auxin influx inhibitor 
1-NOA, respectively. The carpels treated with NAA and PCIB look similar with 
untreated carpels (Figure 17C). However, treatment of NPA and 1-NOA are both able 
to rescue the style tissue and carpels fusion in crc-1 (Figure 17C), suggesting that 
auxin transport is affected in crc-1. To further test this result, we checked the auxin 
distribution by introducing the auxin reporter DR5rev::3xVENUS. The fluorescence 
signals started to be observed in mid-stage of flower development. In stage 10 WT 
carpels, signals of the fluorescence reporter VENUS is high at the apical region but 
much lower in the lower region, indicating the accumulation of auxin at the apex 
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(Figure 17D, F). In the crc-1 carpels of the same stage, signals of the fluorescence 
reporter in the lower region is comparable to the apex (Figure 17E, G), indicating 
altered auxin distribution which could be caused by the altered transport of auxin. 
Auxin is reported to play a key role vascular development, therefore, vasculature can 
be used as another marker of auxin. To confirm the results of DR5rev::3xVENUS, we 
compared the vascular pattern in the developing carpels of WT and crc-1. The 
vasculature in crc-1 seems to be initiated much earlier than in WT. At stage 9 carpels, 
the vasculature is very clear in crc-1, whereas in WT it is still invisible (Figure 17H). 
In later stage, the vasculature appears to be thicker than in WT (Figure 17I). 
In conclusion, auxin transport from apex to bottom is enhanced in crc-1, leading to 
elevated auxin level in the ovary but reduced auxin accumulation at the apex. The 





Figure 17 The relationship between CRC and auxin transport 
(A) Carpels of crc-1 (left) compared to WT (right) (B) Carpels of 35S::CRC crc-1 (C) Carpels 
of crc-1 treated with (from left to right) 100μM NAA, 100μM PCIB, 100μM NPA, 100μM 
1-NOA (D) DR5rev::3xVENUS in carpels of WT (E) DR5rev::3xVENUS in carpels of crc-1 
(F, G)Signal quantity of DR5rev::3xVENUS along the gynoecium of (F) WT and (G) crc-1, 
the numbers in X-axis indicate the positions along the gynoecium (0 for style and 7 for the 
bottom of gynoecium) (H) Vascular pattern in carpels of crc-1 stage 9 (left) and WT stage 9 
(right) (I) Vascular pattern in carpels of crc-1 stage 12 (left) and WT stage 12 (right) (E) 
DR5rev::3xVENUS in WT (left) and crc-1 (right) Arrows, vessels observed under dark phase 
microscopy. Scale bars: A, B, E, F, G 500μm; C, D 50μm 
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4.2.3.3 CRC localizes to the nucleus 
Based on protein sequence analysis, CRC was predicted to be a transcription factor 
(Bowman and Smyth, 1999). To confirm this, we examined the subcellular 
localization of the fusion protein of CRC and GFP using the tobacco transient 
expression system. Expression of CRC is restricted to the nucleus (Figure 18), 
suggesting its function in transcriptional regulation. 
4.2.3.4 Downstream targets of CRC 
To investigate how CRC controls the auxin distribution in the carpels, we performed a 
microarray analysis to compare the expression profiling between knu-1 and crc-1 
knu-1. Around 2290 genes show changes of more than two-fold with 90% confidence 
(Figure 19A). From these 2290 genes, we screened ~20 candidates which function in 
floral meristems or carpels using GO annotations. qPCR was performed to confirm 
the microarray results of these candidates. 13 genes were confirmed with similar 
expression change with microarray results (Figure 19B). Intriguingly, TRN2 was 
identified as a robustly elevated gene in crc-1 knu-1 compared with knu-1 (Figure 
19B). Considering some target genes with weak expression are difficult to be 
identified with profiling assays due to technical problems, we examined the 
expressions of some auxin-related genes by Q-PCR using ap2-2 and ap2-2 crc-1 to 
enrich carpel tissues. In addition to TRN2, YUC4 was identified as another potential 
target of CRC. When CRC is mutated, expression of TRN2 is elevated whereas 
expression of YUC4 is reduced (Figure 20A), indicating that CRC represses TRN2 and 
induces YUC4. To further confirm this result, an inducible system was established by 
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introducing pCRC::CRC-GR into crc-1. After confirming that CRC-GR can rescue 
crc-1  (Figure 20C, D), a timed expression analysis was performed. After the 
induction of CRC activity, reduction of TRN2 and induction of YUC4 were detected 





Figure 18 Subcellular localization of CRC 
Expression of 35S::CRC-GFP in tobacco leaves. 35S::GFP was used as negative control 




Figure 19 Microarray analysis identifying downstream targets of CRC 
(A) Scatter plot comparing the expression profiling between knu-1 and crc-1 knu-1 (B) 




Figure 20 Regulation of TRN2 and YUC4 by CRC 
(A) RT-PCR results comparing the expression of TRN2 and YUC4 in WT and crc-1 (B) 
RT-PCR testing the expression of TRN2 and YUC4 upon the induction of CRC activity in 
pCRC::CRC-GR crc-1 (C, D) Carpels of pCRC::CRC-GR crc-1 treated with DEX (C) and 




4.2.3.5 TRN2 is repressed by CRC 
To investigate how TRN2 is regulated by CRC, in situ hybridization was performed to 
compare the expression of TRN2 in WT and crc-1. In stage 7 flower of WT, TRN2 is 
expressed in the whole carpels with low expression level (Figure 21A). In flowers of 
stage 7 and 8 of crc-1, enhanced expression of TRN2 was detected at the apex of 
carpels (Figure 21B, C). This ectopic expression domain overlaps with the expression 
domain of CRC (Figure 13B). 
4.2.3.5 TRN2 is responsible for the phenotype of crc-1 carpels 
To check whether TRN2 is responsible for the phenotypic effect of crc-1, we 
ectopically expressed TRN2 under the promoter of CRC. If the functions of CRC is to 
repress TRN2, pCRC::TRN2 should mimic crc-1. As expected, two of 25 T1 plants 
showed crc-1 phenotype (Figure 21E). qPCR analysis confirmed that the T-DNA in 
the positive lines are well expressed, whereas in the negative lines they are silenced 






Figure 21 Regulation of TRN2 by CRC 
(A) Expression of TRN2 at stage 7 in WT (B, C) Expression of TRN2 at (B) stage 7 and (C) 
stage 8 in crc-1 (D) Carpels of crc-1 (E) Carpels of pCRC::TRN2 (F) Expression of T-DNA in 
pCRC::TRN2 transgenic plants with and without crc-1 phenotype. No, lines without 




4.2.3.5 Subcellular localization of TRN2 
Since the effect of CRC is mediated by auxin, the next question was whether TRN2 
affects the auxin gradient in carpels. We first examined the subcellular localization of 
TRN2 by expressing 35S::TRN2-GFP in tobacco leaves and MM2D cell lines. In both 
systems, spotted expression of TRN2 was detected (Figure 22A-F). These spotted 
expression domain could be some small vesicles or aggregation of proteins due to the 
strong promoter 35S. To confirm this result, we introduced pTRN2::TRN2-GFP into 
Arabidopsis plants. Signal of GFP is detected in many domains, including 
inflorescence meristems, floral primordia, floral meristems, sepals and carpels (Figure 
22G-I). They are mainly localized to the plasma membrane (Figure 22G, I). 
Interestingly, spotted expression domain is also detected, although these spots seem to 
localize to membrane (Figure 22G, I). Intriguingly, expression pattern of TRN2 in 
carpels is similar with DR5rev::3xVENUS (Figure 22H, Figure 17C), suggesting a 





Figure 22 Expression pattern of TRN2 
(A-C) Subcellular localization of TRN2 in tobacco leaves (D-F) Subcellular localization of TRN2 in MM2D cells (G-I) Expression of TRN2 in stage 2 floral 
primordia (G), stage 11 carpels (H) and inflorescence (I). Scale bars: A, D 100μm; G 25μm; H, I 50μm 
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4.2.3.5 TRN2 Functions in exporting auxin 
Since TRN2 is a membrane protein, it is possible that TRN2 may function in auxin 
transport. To test this possibility, we utilized two cell lines T87 and BY-2 to compare 
the auxin levels inside the cells of WT and 35S::TRN2. In both T87 and BY-2 cells, 
expression of DR5rev::3xVENUS is significantly reduced in 35S::TRN2 compared to 
in WT (Figure 23A-D), suggesting TRN2 could function in auxin export. To rule out 
the possibility that such reduction of DR5rev::3xVENUS could be caused by change 
of other components in the auxin signaling pathway, but not the level of auxin itself, 
we performed immunostaining with auxin antibody (Sigma-Aldrich) to detect auxin 
itself in protoplast of BY-2 cells. The signal of auxin in 35S::TRN2 is much weaker 
than in WT (Figure 23E, F), which is consistent with the result of DR5rev::3xVENUS. 
In conclusion, one of the functions of CRC is to repress the expression of TRN2 that 
may promote the downward auxin transport. Suppression of TRN2 by CRC prevents 






Figure 23 Effect of TRN2 on auxin transport 
(A, B) DR5rev::3xVENUS in WT (A) and 35S::TRN2 (B) of T87 cells (C, D) 
DR5rev::3xVENUS in WT (C) and 35S::TRN2 (D) of BY-2 cells (E, F) Immunostaining of 




4.2.3.6 YUC4 contributes to the phenotype of crc-1 carpels 
The auxin biosynthesis gene YUC4 has been shown to function in maintaining the 
auxin accumulation in the style (Eklund et al., 2010). To check whether YUC4 
accounts for the unfused carpel and loss of style in crc-1, we ectopically express 
YUC4 under the CRC promoter in crc-1. As expected, pCRC::YUC4 almost fully 





Figure 24 Rescue of crc-1 carpels by pCRC::YUC4 





In sum, CRC regulates the auxin gradient in the carpels by negatively regulating the 
expression of TRN2 and positively regulating YUC4. Repression of TRN2 leads to the 
reduced downward auxin transport and induction of YUC4 leads to the reduced auxin 
level in the style. Both of these two pathways contribute to the maintenance of auxin 
accumulation at the apex. 
4.2.4 CRC regulates FM indeterminacy 
4.2.4.1 Mutation of CRC leads to enhancement of the FM indeterminacy 
The effect of CRC on the FM determinacy has drawn much attention to researchers 
(Prunet et al., 2008; Zuniga-Mayo et al., 2012), whereas the underlying mechanism is 
still unclear. Loss-of-function mutant of the FM suppressor KNU develops bulged 
carpels with additional whorls of stamens and carpels inside (Sun et al., 2009). When 
crossed with crc-1, the crc-1 knu-1 flowers display much stronger indeterminate 
phenotypes. The additional organs break through the original gynoecium and grow 
outside, with around ten rounds of iterations of carpels and stamens (Figure 25A, B). 
Furthermore we showed that crc-1 is able to partially rescue the reduced stamen 






Figure 25 FM determinacy is affected by CRC 
(A) Carpels of knu-1 (B) Carpels of crc-1 knu-1 (C) Flower of ap2-2 (D) Flower of ap2-2 
crc-1. Scale bars, 1mm 
 
Table 7 Statistical analysis of the stamen number in ap2-2 and ap2-2 crc-1 





ap2-2 crc-1 3.23 39 0.67 




4.2.4.2 Different kinds of indeterminacy between crc-1 knu-1 and ag-1 
Although crc-1 knu-1 develops strong indeterminate flowers which are closer to ag-1 
than knu-1, there is a key difference between them. ag-1 keeps producing sepals and 
petals in a whorl manner reflecting a FM identity, whereas in crc-1 knu-1 the extra 
organs develop in a spiral manner with internode elongation (Figure 25B). It seems 
that the “shoot identity” of FM is suppressed in ag-1 but released in crc-1 knu-1. 
Which gene could be the suppressor? One possible candidate is AP1, which is a 
repressor of IM identity and repressed by AG. It has been reported that ag-1 ap1-1 
develops extra organs with internode elongation (Gustafson-Brown et al., 1994), 
which mimic crc-1 knu-1. To test this possibility, we overexpressed AP1 in crc-1 
knu-1 by introducing 35S::AP1-GR. After DEX treatment, repression of the shoot 
property was observed (Figure 29A, B, left). Although the carpels are still much fatter 
than those of knu-1, they were unable to break through the gynoecium and elongate 





Figure 26 Suppression of the shoot property of FM in crc-1 knu-1 by overexpression of 
AP1 
(A) Carpels of crc-1 knu-1 35S::AP1-GR treated with DEX (left) and carpels of crc-1 knu-1 
treated with DEX (right) as a negative control (B) Sectioning of carpels of crc-1 knu-1 
35S::AP1-GR treated with DEX (left) and carpels of crc-1 knu-1 treated with DEX (right). 




4.2.4.3 Expression of WUS and several adaxial genes is affected in crc-1 knu-1 
To understand the mechanism of these indeterminacy phenotypes, in situ 
hybridization was performed to examine the expression of WUS in the flower of WT, 
crc-1, knu-1 and crc-1 knu-1. At stage 6, expression of WUS is terminated in WT and 
crc-1 but remains in knu-1 and crc-1 knu-1 (Figure 26A, B, C and D). Interestingly, at 
stage 6 expression of WUS in crc-1 knu-1 appears stronger than in knu-1. At stage 8, 
expression of WUS is maintained and appears stronger in crc-1 knu-1 than in knu-1 
(Figure 26E, F). Since the abaxial genes and adaxial genes have been reported to 
antagonize each other, the expression of several selected adaxial genes were examined. 
Ectopic expression of PHB, CUC1 and AGO1 were detected in crc-1 knu-1 (Figure 
26G-L). All these three genes have been reported to promote meristems growth (Ji et 





Figure 27 Expression of WUS and several adaxial genes 
(A-F) Expression of WUS in stage 6 flowers of (A) WT, (B) crc-1, (C) knu-1, (D) crc-1 knu-1 and stage 8 flowers of (E) knu-1 and (F) crc-1 knu-1 (G, H) 
Expression of CUC1 in stage 9 flowers of (G) crc-1 knu-1 and (H) knu-1 (I, J) Expression of PHB in stage 9 flowers of (I) crc-1 knu-1 and (I) knu-1 (K, L) 




4.2.4.4 Auxin is responsible for the FM indeterminacy 
To check whether the enhanced FM indeterminacy is caused by the altered auxin 
distribution in crc-1, we examine the activity of DR5rev::3xVENUS in knu-1 and 
crc-1 knu-1. Similar with the result of WT and crc-1, signals of Venus in knu-1 is high 
at the apical region but much lower in the basal region (Figure 27A, C), whereas in 
crc-1 knu-1 the signals in the lower region is relatively stronger and located in wider 
region (Figure 27B, D), indicating the enhanced transport of auxin. Moreover, 
although one-time treatment of NPA could only rescue the style and carpels fusion but 
not FM indeterminacy (Figure 27F), continuous treatment of NPA was able to 
suppress the FM indeterminacy (Figure 27G). The treated carpels become much 





Figure 28 Role of auxin in the FM indeterminacy of crc-1 knu-1 
(A, B) DR5rev::3xVENUS in the developing carpels of (A) knu-1 and (B) crc-1 knu-1 (C, 
D)Signal quantity of DR5rev::3xVENUS along the gynoecium of (C) knu-1 and (D) crc-1 
knu-1 (E) Carpels of crc-1 knu-1 (F) Carpels of crc-1 knu-1 treated with 100μM NPA one time 






4.2.4.5 Ectopic expression of YUC4 cannot rescue the FM indeterminacy in crc-1 
knu-1 
Since pCRC::YUC4 is able to rescue the style and carpel fusion of crc-1, we 
introduced pCRC::YUC4 into crc-1 knu-1 to check its ability to rescue the FM. 
Although the style and carpel fusion of crc-1 knu-1 is rescued, the gynoecium of 
pCRC::YUC4 crc-1 knu-1 is still much wider than knu-1, indicating the enhanced FM 
indeterminacy (Figure 28A). When opening the gynoecium, we observed additional 
iterations of organs (Figure 28B). This result indicates that the FM indeterminacy in 
crc-1 knu-1 is not caused by the reduction of YUC4. 
4.2.4.6 Ectopic expression of TRN2 in knu-1 mimics crc-1 knu-1 
We next examined the contribution of TRN2 to the phenotype of crc-1 knu-1 by 
transforming pCRC::TRN2 into knu-1. As expected, 10 of 50 T1 transgenic plants 
developed flowers mimics crc-1 knu-1 in multiple levels (Figure 28C, D). Two T1 
lines showed complete crc-1 knu-1 phenotype. Furthermore, plants of the next 
generation of the weaker T1 lines with homozygous TDNA developed flowers 
completely mimic crc-1 knu-1 (data now shown), suggesting a dosage-dependent 





Figure 29 Rescue of crc-1 knu-1 by ectopic expression YUC4 and TRN2 
(A, B) Carpels of pCRC::YUC4 crc-1 knu-1. Valves were removed in (B) (C) Carpels in weak line of pCRC::TRN2 knu-1 (D) Carpels in strong line of 




In this study, we investigated the upstream and downstream pathways of CRABS 
CLAW (CRC). As the main activator of CRC, AG directly activates CRC by binding 
to the CArG-box region on CRC promoter. Although expression of AG commences at 
stage 3, activation of CRC occurs at stage 6. We showed that this delayed activation 
could be caused by CLV3, which acts as the predominant repressor of CRC and is 
terminated at stage 6. CLV3 is specifically expressed in stem cells, the repression of 
CRC by CLV3 suggests a mechanism that stem cell controls the developmental 
programs by repressing the developmental genes. Furthermore, as the floral stem cell 
terminator, AG indirectly terminates the expression of CLV3, suggesting a feedback 
regulation that AG induces the developmental program of carpels not only by directly 
activating the developmental genes, but also by repressing their suppressor. 
CRC controls the auxin gradient in carpels via two independent pathways. In the first 
pathway, CRC activates the auxin biosynthesis gene YUCCA4 (YUC4) to maintain the 
auxin biosynthesis at the apex. In the second pathway, CRC restricts the expression of 
a potential auxin exporter TORNADO2 (TRN2) to prevent over-transport of auxin. 
Both these two pathways lead to the auxin accumulation at the apex and contribute to 
the appropriate auxin gradient formation in carpels. Furthermore, in crc-1 knu-1, due 
to the enhanced auxin transport mediated by ectopic expression of TRN2, the level of 




It is an intriguing question why it is the potential auxin efflux carrier TRN2, but not 
biosynthetic gene YUC4 that influences the indeterminate phenotype. 
As shown in Figure 30, in crc-1 knu-1, the level of auxin at the bottom (floral 
meristem (FM)) may be elevated due to the enhanced auxin transport. Since auxin is 
reported to promote cell division, it could be responsible for the enhanced FM 
indeterminacy. pCRC::YUC4 rescues the style development because the auxin level at 
the apex is increased. However, the auxin level in the FM is not reduced by 
pCRC::YUC4 (maybe even increased). Therefore, pCRC::YUC4 was unable to rescue 
crc-1 knu-1. However, pCRC::TRN2 promotes the auxin transport from apex to 
bottom, thus elevates the level of auxin at the bottom. In WT, the FM is already 
terminated by KNU at stage 6. Therefore, pCRC::TRN2 was unable to promote FM 
proliferation because FM is gone when pCRC::TRN2 is expressed. However, when 
the FM termination is delayed in knu-1, the increased level of auxin in FM could 
enhance the FM indeterminacy. Therefore, pCRC::TRN2 knu-1 mimics crc-1 knu-1. 
In sum, as illustrated in Figure 31, the function of CRC is to activate YUC4 to 
maintain the auxin biosynthesis at the apex and repress TRN2 to prevent 
over-transport of auxin, both of which lead to the auxin accumulation at the apex and 
contribute to the appropriate auxin gradient formation in carpels. Furthermore, in 
crc-1 knu-1, due to the enhanced auxin transport mediated by ectopic expression of 
TRN2, the level of auxin is elevated in FM. This could be the reason for the enhanced 
FM indeterminacy. 
In the future, it would be interesting to investigate the function of auxin in FM 
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determinacy. To test whether elevated auxin level in FM could lead to enhance FM 
indeterminacy, one possible method would be to ectopically induce auxin in FM by 
expressing YUC4 under the promoter of WUS in knu-1 background. Furthermore, to 
study the mechanism how TRN2 export auxin, the interaction between TRN2 and 
auxin transporters is worth testing. Actually we tried to test the interaction between 
TRN2 and PINs by Yeast Two Hybrid. However, no interaction was detected, 
probably due to a technical problem, since Yeast Two Hybrid has limitation in testing 
the interaction between membrane proteins. Although a modified Yeast Two Hybrid 
using a membrane mating-based split-ubiquitin system has been developed to test the 
interaction between membrane proteins (Boavida et al., 2013), it cannot be used to 
test TRN2 and PINs due to the requirement of direction of their C’ terminals and N’ 





Figure 30 Models of auxin gradient in carpels 
Auxin gradient is attenuated in crc-1 due to the enhanced auxin transport and reduced auxin 
biosynthesis at the apex. In particular, the enhanced auxin transport, which is mediated by 
TRN2, increases the level of auxin in FM (base of carpel) of knu-1. This could lead to the 






Figure 31 models of the function of CRC in regulating auxin gradient in carpels 
CRC activates YUC4 to maintain the auxin biosynthesis at the apex and repress TRN2 to 
prevent over-transport of auxin. These two both to the auxin accumulation at the apex and 
contribute to the appropriate auxin gradient in carpels. The elevated auxin level in FM caused 
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